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T I 


A neutral gas mass spectrometer was flown to Venus as part 
of the Pioneer Venus Multiprobe to measure the composition of its 
lower atmosphere. On December 9, 1979, the probe entered the Venus 
atmosphere and descended slowly to its surface (part way on a 
parachute) producing data for nearly one hour below an altitude 
of 62 km. The instrument measured the composition of the gases 
relative to CO 2 * the dominant gas, that it sampled from the atmos- 
phere through a special leak. Mass range extended from 1 to 208 
amu with a sensitivity of the order of 1 ppm relative to C02* The 
Interest in studying the atmospheric composition of Venus stems 
largely from the fact that there are marked differences in pressure, 
temperature and composition between the atmospheres of Venus and earth, 
yet these two planets are so similar in size, mass, and distance from 
the sun. The Venus surface pressure and temperature are 90 bars and 
750K, respectively, compared to 1 bar and 285K (average) on earth. 

It has been known for some time that CO 2 Is the dominant atmospheric 
constituent and that nitrogen is present to a relatively small per- 
centage ( 10 percent). It was also thought :hat sulfuric acid is a 
major contributor to the composition of the clouds but was unclear 
just how the sulfur cycle, the transport of sulfur between the lower 
atmosphere and the cloud levels, operated. Th: contents of the noble 
gases had been estimated to be similar to that on earth. 

Analysis of t' e flight data has shown that the abundance of 

40 

nitrogen in the lower atmosphere is approximately 3.5 percent, Ar 

is a factor of 4 less abundant than on earth, and the isotopic ratio 

36 

of argon is significantly altered. On earth primordtal argon ( Ar) 


40 

is only 0.34 percent (1 part in 300) of Ar, the radiogenic 

40 

component, whereas on Venus it is 85 percent of the Ar. Even 

though the ^*^Ar is less abundant on Venus, the ^^Ar is more than 

75 times as large as on earth. This was quite an une:q>ected result. 

36 38 

The ratio of the primordial argon Isotopes, Ar/ Ar, is about the 
same as on earth. Isotopic composition of carbon, nitrogen, and 
oxygen are, within the limit of errors, also the same as on earth. 

It appears that sulfur does not exist in the cloud regions in 
the form COS, as was thought pre-Pioneer Venus, but most likely is 
found in the oxidized state, S02« There exists a change in the 
sulfur form below 24 km where COS does appear, but may be the result 
of the leak blockage that is described below. 

One of the major problems that the mass spectrometer had to 
address was the sampling of the atmosphere over a pressure range of 
0.1-100 bars while measuring concentrations of the order of 1 ppm of 
the dominant gas (CO^) . 

Sampling of the Venus atmosphere occurred through two small 

microleaks, each consisting of a 3.2 mm diameter passivated tantalum 

tube whose outer end was forged to a flat plate configuration having 

-7 3 

a conductance of the order of 10 cm /s for the primary leak and 
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10 cm /s for the secondary leak (Hoffman et al. , 1980). These 
leaks protruded from the sounder probe into the atmosphere. Analysis 
of the Inflow through the leaks was performed by a miniature magnetic 
sector field mass spectrometer. Removal of the atmospheric samples was 
accomplished by a combination of chemical getters and sputtering ion 
pumping. To preserve the wide dynamic range of the instrument, that is, 
to enable measurement of substances in the Venus atmosphere at the 1 ppm 


level of C02> as the atmospheric pressure varied over the 3 decade 
range while the probe descended to the surface, the larger conductance 
leak was closed at 47 km. A variable conductance valve, installed 
between the Instrument Ion source and the primary getter punq), was opened 
pneumatically by the Increasing atmospheric pressure, causing the con- 
ductance from the Ion source to the getter pump to be Increased at a 
rate that approximated the Increased throughput of the atmospheric 
sampling leak, thereby maintaining a nearly constant pressure In the 
Ion source of the Instrument. Prefllght laboratory simulation of a 
descent, with pressure varying from 0.5 to 100 bar and temperature from 
300 to 750 K, showed the CO 2 signal to vary by only a factor of 5 
(Hoffman et al. , 1979c) . Data were taken from 62 km down to the surface 
of Venus. 

From approximately 50 to 28 km altitude the leaks were blocked by 
an overcoating of cloud particle materials, presumably by droplets of 

sulfuric acid. During this time the in-flow of atmospheric gases 
was stopped and mainly background or residual gases in the mass 
spectrometer were seen, except for SO 2 and H 2 O which appeared to 
originate from the blocking materials. Below 30 km the primary leak 
reopened (the secondary leak had been valved off by this time), and 
the atmospheric gas flow returned to normal. 

Data obtained during the period of blockage was long regarded 
as useless. However, recently It was realized that while the leaks 
were coated the Instrument was sampling Venus water In the form of 
the sulfuric acid solution. During the rest of the mission the water 
entering the spectrometer consisted of a mixture of water from the 
Venus atmosphere and terrestrial water outgassing from the walls of 


the Inlet tubing. The strong signals associated with the sulphuric 
acid Incident allowed disentanglement of the contributions of Venus 
and Earth water to the observations and the determination of the 

ratio of deuterium to hydrogen In the Venus component. The result 

-2 -4 

was 1.6 X 10 compared to a terrestrial value of 1.6 x 10 

The planet Venus may have possessed the equivalent of a 
terrestrial ocean snd enjoyed a benign climate several billion 
years ago. At present the surface of Venus 1: very hot and dry. 

The atmosphere consists mostly of carbon dioxide gas with a little 
nitrogen and contains very little water vapor. There has been 
speculation that Venus ml^t once have had an ocean since most 
theories for the origin of the planet call for Venus and Earth to 
have been almost identical twins. According to these models the sun 
would have been cooler and less luminous four and half billion years 
ago just after the planets were formed and the temperature on Venus 
low enou^ for liquid water to exist on its surface. Sometime later 
as the sun grew brighter the rising temperature drove water into the 
atmosphere as steam and released carbon dioxide from limestone on the 
surface. The water and carbon dioxide would have prevented the escape 
of infrared radiation from the lower layers of the atmosphere 
and caused it to grow still warmer. The result would have been the 
evaporation of even more water and production of more carbon dioxide 
in a paroxysm called a "runaway greenhouse." Finally the oceans would 
have evaporated completely and the surface temperature may have 
become as hlgih as 1300 K. 



At this point the outermost portions of the planet's atmosphere 
would have consisted mostly of hydrogen gas evolved from the water 
by reactions with hot surface rocks or resulting from dissociation 
of the hydrogen and oxygen In water by solar ultra violet radiation. 
Hydrogen Is so light that It would readily have escaped from the 
gravitational field of Venus leaving the oxygen behind to oxidize 

Iron and other substances on the planet. 

-4 

A small fraction (3.2 x 10 ) of the water on Earth Is heavy 

water (HDO) containing deuterium. It Is reasonable to assume that 
originally the ratio of HDO to H 2 O was the same on both Venus and 
Earth. During the early phases of the escape process the flow of 
hydrogen would have been so strong that It would have swept deuterium 
along with It. Later, when the flow rate dropped sufficiently low, 
much of the deuterium would have been retained by the planet. The 
result would have been an enrichment of deuterium In the residual 
water left on the planet. The discovery that the ratio of heavy 
water to normal water on Venus Is one hundred times greater than it 
Is In sea water on Earth Is clear evidence that Venus once had at 
least oue hundred times as much water as it does today. If that 
water were liquid It would have covered the planet to an average 
depth of 9 meters. But because escape of most of the hydrogen 
associated with an ocean would not have resulted In deuterium en- 
richment this value Is only a lower limit. The result Is quite 
consistent with the possible existence of the equivalent of a full 
terrestrial ocean, or a major fraction of one. 



As stated above, the abundances of primordial Ne and Ar on 
Venus are two orders of magnitude greater than on earth. Kr and 
Xe abvmdances are also greater. 

The significance of these results emerges from a comparison of 

Cytherean and terrestrial abundances of Kr and Xe with those of Ne 

and Ar. In the atmosphere of Venus the latter two gases exceed 

terrestrial abundances by factors of 40 and 75 respectively. In 

contrast, abundances of the heavier inert gases in the Cytherean 

atmospheres exceed terrestrial values by factors of only 3.5 to 

less than 30. Thus, models for the formation of the terrestrial 

planets in which the inert gases are accumulated by the accretion 

of planetary material with characteristic "planetary" ratios similar 

to those found in meteorites are difficult to defend. In particular, 

these results present a serious problem for the proposal that a 

large pressure gradient existed in the solar nebula so that grains 

that condensed to form Venus absorbed about two orders of magnitude 

more inert gases than did those that formed the earth. In such a model 

there is no reason to expect less enhancement of krypton and xenon 

in the Venus atmosphere than neon and argon. Indeed, in view of the 

large amount of xenon perhaps sequestered in terrestrial shales the 

opposite might be true in the case of that gas. The large excess 
36 

in Ne and Ar in the atmosphere of Venus also creates problems for 
models of terrestrial planet genesis in which volatiles are outgassed 
from late accreting veneers of similar material. In fact, with the 
conspicuous exception of neon the inert gases seem to become more and 
more "solar" in character the closer Che planet sampled is to Che sun. 



Thus, ic appears that the noble gases on Venus have a large solar 
component compatr-d to Earth and Mars . 

The Venus exosphere has a peculiar distribution of atomic 
hydrogen that has provoked considerable discussion since 1967 when 
the ultraviolet photometer on Mariner 5 detected anomalous Lyman <x 
emissions several thousand km above the planet's surface. Subsequent 
analysis of the Mariner 5 bright limb data revealed an Increase In 
the scale height of Lyman a scatterers at about 10 km from the center 
of the planet, suggesting a two component exosphere that could be 
fitted by exospheric distributions of H 2 and H at 650 + 50 K, with 
being the dominant constituent. The possibility of an atomic 
hydrogen-deuterium exosphere was also considered. 

The Monte Carlo calculation of the global distribution of 
hydrogen in the exosphere of Venus, with hot hydrogen produced by 
charge exchange of H'*’ ions with both atomic hydrogen and oxygen, has 
yielded a result that Is In reasonable agreement with altitude dis- 
tributions of H based on Lyman a measurements. This confirms the 
hypothesis that exospheric charge exchange reactions are sources of 
sufficient hot hydrogen to explain the two-temperature exosphere of 
Venus. Ibicertalntles In model parameters and In data on the Venus 
exosphere presently allow a source of similar magnitude of nonthermal 
hydrogen due to exothermic chemical reactions Involving H 2 . Present 
model results indicate that H 2 chemistry could be the dominant cause 
of hydrogen escape while being a secondary source of the nonescaplog 
hot hydrogen on Venus. 



It has also een shown from the Monte Carlo calculations that It 
Is necessary to Include a thermospheric wind system In global models 
of the hydrogen exosphere of Venus to account for the large diurnal 
variation of H near the exobase Chat was deduced from charge exchange 
equilibrium calculations from the Pioneer Venus data. A vrlnd system 
consisting of a solar diurnal tide with a cross-terminator day to 
night speed of 200 m/s superimposed on a retrograde global rotation 
with equatorial speed of 100 m/s provides a good fit to Che phase and 
amplitude of Che exobase diurnal variation. 

Attached Is a set of reprints of papers referred to In the 
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Abstract . Probable values of the mixing ratios of krypton and its i 

isotopes on Venus by the Pioneer I'enus large probe neutral mass < 
spectrometer are reported. An upper limit to most of the xenon 
isotope mixing ratios is also set. Based on a ^^Ar mixing ratio of 30 ( 

ppm the krypton mixing ratio is probably 47 ppb and its upper ( 

limit 69 ppb. The upper limit for Xe is 120 ppb but there is probably 1 

considerably less than 40 ppb. Atmospheric krypton ai d xenon on i 
Venus exceed terrestrial values by factors of 3 .5 and no more than i 
30, iruch less than the ratios for neon and eirgon. It appears that < 
the noble gases on Venus have a large solar component compared to i 

Earth and Mars. i 

1 

The purpose of this letter is to report a determination by the ] 
Pioneer Venus Sounder Probe Neutral Mass Spectrometer ( LNMS) 
of upper limits to the concentration of krypton and xenon along | 
with most of their isotopes in the atmosphere of Venus. In the case 
of the krypton isotopes *®Kr, *^Kr, *^Kr, ®^Kr and **Kr possible 
measurements of their concentrations will be reported as well. The ( 

upper limit to the krypton mixing ratio is probably 47 ppb (v ''v) 
with a quite conservative value larger, or 69 ppb. In fact, it is 
likely that 47 ppb represents a measured concentration, with the < 
corresponding values for separate isotopes being 3.6, L2, 7. 25 and 
4.2 ppb. The probable upper limit to the sum of the mixing ratios of i 
the isotopes *‘*Xe, ‘^’Xe, *^®Xe, *^‘Xe and ‘^-Xe is 40 ppb by 
volume. A very conservative upper limit is a value three times this 
large. The upper limits for the individual isotopes are 1.5, 9.5, 4, 14 
and 10 ppb respectively, or, conservatively, larger values by a factor 
ot about 3. Actually measured were the ratios of counting rates for 
the Kr and Xe isotopes relative to ^^Ar. The mixing ratios and 
upper lin. ics quoted are based on use of the most probable value for 
the ^‘Ar concentration of 30 ppm v/v as determined from the 
LNMS measurements i Hoffman, et al .. 1980). 

The significance of these results emerges from a comparison of 
Cytherean and terrestrial abundances of Kr and Xe with those of 
Ne and Ar. In the atmosphere of Venus the latter two gases exceed 
terrestrial abundances by factors of 40 and 75 respectively. In 
contrast, abundances of the heavier inert gases in the Cytherean 
atmospheres exceed terrestrial values by factors of only 3.5 to less 
than 30. Thus, models for the formation of the terrestrial planets in 
which the inert gases are accumulated by the accretion of plane * 
ary material with characteristic ’^planetary” ratios similar to those 
found in meteorites (Signer and Suess, 1963) will be difficult to 
defend. In particular, these results present a serious problem for 
the propos^ (Pollack and Black, 1979) that a large pressui'e gra- 
dient existed in tne solar nebula so that grains thi/t condensed to 
form Venus absorbed about two orders of magnitude more inert 
gases than did those that formed the earth. In such a model there is 
no reason to expect less enhancement of krypton and xenon in the 
Venus atmosphere than neon and argon. Indeed, in view of the 
large amount of xenon perhaps sequester ed in terrestrial shales 
the opposite might be true in ^e case of th it gas. The large excess 
in Ne and ^*Ar in the atmoephere of Venus also creates problems for 
models of terrestrial planet genesis in which volatiles are outgas- 
sed from late accreting veneer of similar material (Anders and 
Ow^n, 1977). In fact, with the conspicuous exception of neon the 
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inert gasei> seem to become more and more ''solar” in character the 
closer the planet sampled is to the sun. 

The Pioneer Venus LNMS has been described previously 
(Hoffman, et al .. 1979a) and results obtained by it reported 
(Hoffman, et al .. 1979b, c and 1980). The instrument was a minia- 
ture magnetic sector-field mass spectrometer that covered the 
mass range ^ -208 amu in 232 steps at selected mass numbers. A 
table showing the masses sampled has been published (Hoffman, 
et al .. 1980). Gases were admitted to the ionization chamber 
thiough microleaks and the pressure in the chamber regulated by 
two pairs of chemical getter and ion sputter pumps, rae pumping 
the chamber through a variable conductance valve, the other 
pumping the region of the mass analyzer. The purpose of the 
variable conductance valve was to maintain a relatively constant 
pressure of COs in the ion source. The result was a slow increase in 
the counting rate for COs at low altitudes as was shown in Fig. 1 of 
Hoffman, et al . (1980). Inert gases were pumped during periods of 
data collection only by the sputter pump attached to the mass 
analyzer. Because the pumping speed for inert gases was essen- 
tially constant, the counting rate at the ^^Ar mass setting in- 
creased with decreasing altitude more rapidly than that at ^COa. 
The ratio of the counting rate for ^*Ar and COa corrected for the 
differences in gas pumping speeds was referred to preflight cali- 
bration data to obtain the ^^Ar and COa mixing ratios. The mixing 
ratio for ^‘Ar is 30: ppm by volume (Hoffman, fiial*. 1980). With 
the help of laboratory calibration data the mixing ratios for any 
noble gas can be obtained by comparing the counting rate at the 
appropriate mass setting to that for ^^Ar. 

Ion acceleration voltages during each mass sweep were set by 
reference to the values appropriate for 136 (*^*Xe'’), 68(‘^*Xe^‘") 
and ISfCHs"') amu. Methane and xenon containing mainly ‘^^Xe, 
about 5% '^^Xe and traces of other isotopes were used as marker 
gases. Mass resolution varied from 1 part in 440 near 40 amu to 
1 part in 200 near 136 amu. 

Atmospheric composition data began after opening the micro 
leaks when the probe was at 62 km. At about 51 km the leaks were 
blocked by cloud droplets. At 30 km they reopened. During anc 
after the time of leak blockage various substances were produced 
within the mass spectrometer, probably by interactions of COs, 
HsSOi products and a vacuum sealant substance. Most prominent 
among these was a hydrogenic compound (perhaps a form of C«H«) 
at 78.052 amu. The counting rate at analyzer settings correspond- 
ing to these contaminants increased between 30 km and 13 km 
(31,000 cts at 78 amu) and then decreased toward the surface 
(10,000 cts at 78 amu). A useful criterion for distinguishing a 
contaminant from a potential atmospheric species is whether the 
signal at a given mass setting increases with decreasing altitude 
like COs or argon or passes through a maximum like the substance 
at 78 amu. 

Because xenon was used as a marker gas an apprec^.>^ie back- 
ground counting rate in the channels belonging to all Xl 'otopes, 
but particularly those for '^^Xe and ‘^^Xe was observed high 
altitude both before and after entry. For this reason little attention 
was paid to those data until G. Wetherill (1980) suggested to the 
authors that a useful upper limit to the Xe mixing ratio might be 
determined from them. Inspection of the data showed in fact that 
the counting rates for all Xe isotopes except ’^^Xe and ‘^*Xe were 
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appreciably higher at low altitudes than near 60 km, or before 
entry. 'T * • should be aw least three contributions to the counting 
ratr . .. ’de' a background, roughly equal to the average 

or h altitude counting rate, and a "residual” com- 
pf li in part of n ' ‘butions from atmospheric xenon and in part 
frjni impu .ties, 'li.c impurities could be either xenon liberated 
from the ion pumps by some of the exotic compounds formed after 
leak blockage or these same compounds with masses close to those 
of xenon '.opes. The background counting rate for each isotope 
was determined by averaging 6 readings taken before leak block- 
age and multiplying this average by the ratio of the counting rate 
at 136 amu to the high altitude average at 136 amu. The correction 
was necessary because the counting rates at 136 amu and 134 amu 
increased on the order of 30^ below 16 km, probably due to de- 
creasing efficiency in the ion pump with increasing CO 2 load. 
There were variations in the counting rates at 136 amu and 134 
amu below 16 km probably because of changes in the pumping 
speed for xenon. Some ten closely spaced mass numb-^rs were 
sampled near 134 and 136 amu. Comparison of mass channels 
above and below 16 km support the interpretation that the changes 
below 16 km involve xenon and not some impurity. Presumably the 
background of all xenon isotopes should be varying in the same 
way because of these effects. 

The background thus obtained was subtracted from the total 
counting rate at each altitude to obtain a residual. Residuals 
tended to increase fairly rapidly below 20 km to a maximum near 
13 km and then decrease by a factor of about 3 to the last data point 
taken 0.6 km above the surface of Venus. In Fig. 1 are shown the 
total, background and residual counting rates for the sum of the 
data at 128, 129, 130, 131, 132 amu. One way to obtain an upper 
limit to the xenon mixing ratio ‘excluding ‘^•*Xe and *^®Xe) would 
be to compare the counting rate at the lowest altitude or 24 per 
frame with 20480, the counting rate at 35.981 amu (^*Ar). TTiis 
ratio multiplied by 2.7 would give the concentration relative to 
’^Ar. The factor of 2.7 is the experimentally determined ratio of 
spectrometer sensitivity for Ar relative to Xe. The difference in 
sensitivity for the two gases is caused mainly by a difference in 
ionization cross sections, and also by broadening of the higher 
mass peak, difference in the branching ratio for s..igle and double 
ionization by 70 eV electrons and difference in pumping speeds. 
The result, 95 ppb where the ^^Ar mixing ratio is taken as 30 ppm, 
is of dubious usefulness because it weighs one measurement too 
heavily. If instead of the counting rates at the lowest altitude the 
means of the last 5 samples are compared, the ratio of Xe to Ar 
count rates is 1.5 x 10*^ giving an upper limit of 120 ppm to the Xe 
mixing ratio. This procedure leads, however, to an altitude depen- 
dent Xe mixing ratio with a maximum above 13 km. 

If it is assumed that the residual counting rate can be separated 
into a component that varies with altitude in the same way as does 
^*Ar and another that varies as does the archetypical artifact at 78 
amu. a better evaluation of the atmospheric xenon contribution 
can be obtained. This procedure is suggested because the Xe count 
rates maximize near 13 km where the 78 amu rate also peaks. In 
Fig. 1 smooth curves are shown roughly fitted to the data. One of 
these represents 24 x Ifr* (78 amu), another 20 x (78 anm] + 5 x 
Ifr* (^*Ar), and a third 21 x 10^ (78 amu) + 9.1 x Kh* [^*Ar) where the 
values of (78 amu] and (Ar) near the surface are approximately 10^ 
and 2 X 10^ respectively. The data can best be represented by 
assuming that there is no detectable Xe contribution whatever 
(curve a). Owing to the scatter in the data it is possible that as 
many as 10 of the counts at the surface out of 30 are attributable to 
an atmospheric constituent that varies like ^*Ar, i.e., to Xe (curve 
b). Curve c dearly overestimates the Ar like component. Hence, 
the most probable value of the mixing ratio of the Xe isotopes from 
this kind of analysis is 0. but a reasonable upper limit relative to 
’^Ar is 1.35 x lfr \ This is 40 ppb v/v based on a value of 30 ppm for 
the At mixing ratio. The uncertainty in the ratio to '*Ar is dmost 
entirely in the Xe measurement. For this reason we give a range of 
values of mixing ratios based on a specific ’*Ar value. If the '*Ar 
concentration is taken to be its upper limit, 50 ppm. the Xe upper 
limit changes accordingly by a factor of 5/3 to 67 ppb. This is the 
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Upper limit, however, only if the Ar mixing ratio is 50 ppm. All 
values and limits for Kr and Xe quoted henceforth will assume that 
^‘^Ar mixing rat.o is 30 opm. To summarize: the most probable 
mixing ratio of the sum of the 5 Xe isotopes is 0 ppb, the largest 
value allowed by curve b is 40 ppb and the extreme upper limit 
where the residual count rate m the lowest 3.5 km is ass . med to be 
entirely due to atmospheric Xe is 120 ppb v/ v. 

Similar analysis applied to isotopes individually Welds the 
following results for the most probable value and the two upper 
limits ("curve b” and extreme) 

‘^*Xe, 0 ppb, < 1.5 ppb, < 4.7 ppb 

‘-’Xe, 0 ppb, < 9.5 ppb, < 35 ppb 

‘^®Xe, 0 ppb, < 4 ppb, < 10 ppb 

‘^•Xe, 0 opb, < 14 ppb, < 40 ppb 

‘^^Xe, 0 ppb, < 10 ppb, < 47 ppb 

If the isotope mixing ratios are given by the second column their 
relative abundances are 0.038, 0.24, 0.10, 0.36 and 0.2S to be 
compared with terrestrial values of 0.03, 0.33, 0,05, 0.26, and 0.33 

Obviously this apportionment of the residual counting rates va 
not unique. If it is correct we do not know whether the con- 
si tutuents that vary with akitude like the impurity at 78 amu are 
other impurities or Xe isotopes liberated from the pumps bv a 
mechanism involving impurities. However, it is diiTlcLit to im- 
agine a collection of compounds that would produce elevated coant- 
ing rates at the accelerating voltages appropriate Co the 5 Xe 
isotopes and not at any of the 31 voltages sampled between ^^Kr 
and '^®Xe. nor at the 22 higher mass positions. 

Even more significant than the results obtained for xenon were 
th^se for krypton. In the range of accelerating potentials for mass- 
es near 80 amu there were steps appropriate for "*®Kr, SOr HSOa, 
*^Kr, *^Kr and *‘Kr. Tlnfortunately, the apparatus had been ex- 
posed to before flight, and a background of about 35 ^®Kr 
counts was recorded before and after entry at high altitude. There 
was no background at the locations of the other isotopes. On the 
other hand, there were low but significant counting rates in all of 
the channels just listed below 30 km. The sum of the counting rates 
in the '•®Kr, *^Kr, *^Kr and •‘‘Kr chaiinels is shown in Fig. 2. Unlike 
the Xe data in Fig. 1 the variation with altitude is relatively small 
up to 16 km where an abrupt decrease occurs. This behavior is 
characteristic of the sum of two constituents, one decreasing with 
altitude like ^®Ar the other Increasing to a maximun, near 13 km 
like 78 amu. The data are fitted best by curve b giving 13 cts from 
the opposed Kr contribution and 6.5 cts from an internal contami- 
nant. The instrumental factor relating Ar to Kr sensitivities is 2.4. 
Therefore, the abundance ratio of Kr to Ar is 15.5 x Ift^ and the Kr 
mixing ratio 47 ppb. From Fig. 2 it can be determii-. 1 that the 
range in uncertainty is 12 to 69 ppb for curves a and c : ^spectively. 
Unlike the results for xenon there seems to be a strong indication 
of the presence of atmospheric constituents in these data. Hence, 
these observations may well represent measurements rather than 
upper limits. On the other hand, if the artifact co.'tribution is not 
subtracted the data place an upper limit of 69 ^ ^b on tn< combined 
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ALTITUDE IN km 

Fig. 2. Counting rates as function of altitude for 4 l».r isotopes 80-84; a) 
1.63x10^ [^*Ar] + 8.7x10-^ (78 amu); b) 6.5x10-" ([^\\r] ^ [78 amuj); c) 
9 6xl(y (’-^Ar] + 4.3x10-" [78 amu). 


abundance of Kr isotope ? 80 through 84 in the atmosphere of 
Venus. Thus from an analysis parallel to that for Xe the most 
probable mixing ratio for these Kr isotopes is 47 ppb. The largest 
value allowed by curve c is 69 ppb and the extreme upper limit 
where all 19.5 counts allowed by curve b near the surface are 
ascribed to Kr is also* fortuitously, 69 ppb. 

The data for individua species show much scatter but aie fitted 
best by various linear combinations of like” and ”78 amu 
like” components: 

»®Kr 0.5 X 10-" P‘Ar] + 2 x 10^ [78 amu) 

»3Kr 1.7 X 10-* P'^Ar] 1.8 x 10'^ [78 amu] 

«^Kr 1.0x1. p‘^Ar] + 2.4 X 10-" [78 amu] 

*^Kr 3.5 X la" ['^Ar] 1.1 x la- [78 amu] 

The most probable mixing ratio implied by this analysis together 
with the limits set by fitting curves like a and c of Fig. 2 to the data 
are as follows 

*®Kr 0 < 3.6 < 10.2 pnb 10.8 ppb 

*^Kr 6 < 12.2 < 17 ppb If ppb 

*^Kr 0 < 7.2 < 19 ppb 15.5 ppb 

*^Kr 7 < 25 < 28 ppb 28 ppb 

Upper limits obtained by attributing all county near the sunace to 
Kr are on the right. 

In the case of ^^Kr as for the xenon isotopes it s necessary to 
subtract a background. The result is a small residual at lov al- 
titudes which varies as 

0.6 X lO*"* [Ar] + 1.4 x lO*" [amu] 

The "measured” mixing ratio of **Kr is thus 4.3 ppb and the upper 
limit 9 ppb. 

If these results do indeed represent observations of atmospheric 
kr^^pton the relative abundances of Kr isotopes on Venus are 0.07, 
0.23. 0.14, 0.48 and 0.08 corresponding to terrestrial relative 
abundances of 0.023. 0.116, 0.115, 0.57 and 0.173. 

Istomin, et al. 1 1980) have reported that the mixing ratio of •■‘Kr 
in the atmosphere of Venus is 600 ±200 ppb by volume. The isotope 
ratios appear to be terrestrial. It is not possible to reconcile such a 
result with ours. Count rates of the order of 200 per frame rather 
than 10 per frame would be needed. Nor is there any evidence that 
the LNMS became insensitive to heavy gases by the time 
reached Vr tus. Tho absence of variation in its response to tt.e 

enon marker gas during cruise and entry is evidence to the con- 
trary. It is possible that the krypton detected by the Venera NMS 
was terrestrial, since the spectrometer had been exposed to kryp- 
ton and utilized ion sputter pumps. The absence of a high altitude 
check in the Venera measurements leaves this possibility open and 
inviting. 

Fig. 3 shows the concentration of inert gases in the atmospheres 
of the terrestrial planets and a C3V chondritic meteorite in units of 


cc at STP per gram of planetary matter. The small excesses in 
abundance of Kr and Xe in the atmosphere of Venus compared with 
that of Earth are in striking contrast with the large increases in Ne 
and At. The ratios are 3.5 and less than 30 for *^Kr and '^‘Xe, 43 
and 74 for -°Ne and ^^Ar. Careful aLudy has further reinforced our 
conviction (Hoffman, et al .« 1979b) that the constituent detected at 
36 amu is argon and not some compund such as HCl. As we pointed 
out in the introduction these results appear to be fatal for simple 
models of the acquisition of volatiles by the terrestrial planets. The 
ratio of ^*"Ar to **^Kr is 1000 on Venus. Compared to a solar ratio of 
3710 (Cameron, 1973 ’, a terrestrial ratio of 48, a Martian ratio of 
32 (Owen, etal ., 1977) and a meteorite ratio of about 75- this could 
be taken to suggest a much larger "solai ” component of inert gases 
in the Cytherean atmosphere than on the other planetary bodies of 
the inner solar system. We might assume that Venus is a planet 
with the Earth’s endowment of volatiles to which some process 
contributed an extra dose of volatues with abundances in solar 
proportions and containing 75 times as much ^^Ar per gram as does 
the earth’s atmosphere. Th^ ^*Ar ratios would perforce be correct if 
the idded inert gases were atmophile. The extra component of any 
othtr inert gas on Venus would be equal to 75 times the solar 
abundance ratio of that gas relative to ^'^Ar divided by the terres- 
trial abundance relative to ■^'*Ar. This is about 1 for ^"Kr and 1.5 for 
' ^ ^Xe. Thus, there could be about twice as much atmophile *^Kr on 
Venus as on earth. There may be 5 to 10 times as much xenon in 
terrestrial shales as there is in the atmosphere (Canalas, et al .. 
1968; Fanale and Cannon. 1971), although evidence to the con- 
trary has been published by Podosek, et al . (1980). Since the corre- 
sponding "planetary” xenon would presumably be atmophile on 



Fig. 3. Abundances of rare gas isotopee on three terrestnal planets and 
C3V meteontee. 
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^eniis where the surface temperature is 700K we m*ght expect the 
atmosphere of Venus to contain 6.5 to 11.5 times as much ’^’Xe as 
that of the #*arth. 

There is a conspicuous probiem in accounting for the behavior of 
neon. Since "he solar ratio of -^Se to is about 30 and the 
terrestrial ratio is 0.57. there sh.^uld be not i3 but almost 1000 
times as much neon on Venus as on the earth. Explaining the 
depletion of neon relative to argon on Mars, the Earth, the Moon 
and in meteontes was a problem before the results from Venus 
became available. We can only remark that it still concinue5 to be 
difficult. The other volatiles accompanying the rare gases would 
present no problem. The solar ratios of 0. C, and N to *\\r are about 
240. 140 and 35 while the terrestnai ratios are uOout 2.7 x 10*. 1.3 x 
10* and 8.6 x iCh* where the oxygen is only thai a.*JSOciatcd wuh 
outga5$ed CO 2 . Hence, the extra source of volatiles would bnng to 
Venus only a tiny increment of oxygen, carbon and nitrogen. 

Wethenll 1 1980a, 1980b) has invoked enhanced solar wind im- 
plantation of gases in material forming planetesimals dunng the 
first 10^ years of planetaiy formation to explain the excess neon 
and argon on Venus. A solar wind enha»* ^ment of about IOC, 
preferential irradiation of the innermost edge of an opaque 
planetesimal disk and accumulation of this enriched material 
principally by Venus is involved. Relatively serious loss of solar 
wind implanted neon would account for the neon anomaly. As 
Wethenll points out a large abundance of argon relative to heavier 
noble gases is a natural consequence. On the other hand, there is a 
problem in explaining quantitatively the necessary’ preference of 
enriched material for Venus, Recently McEIroy and Prather ( 1981) 
have also proposed a mechanism for planetary formation that 
involves significant contribution of a solar wind compo4ient in the 
volatiles accumulated by V^enus, Whatever the final explanation it 
seems dear that the results presented here constitute a fresh 
challenge to our understanding of the processes that were involved 
in the formation and e\ elution of the terrostrial planets and their 
atmospheres. 
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The deuceriuffl— hydrogen abundance ratio in the Venus atnosphere was 
measured 'while the inlets to the Pioneer Venus Large Probe mass spectrometer 
were coated with sulfuric acid from Venus' clouds. The ratio is (1.6 ± 0.2) 
X lO”^. The hundred fold enrichment of deuterium means that Venus outgassed 
at least 0.3% of a terrestrial ocean and possibly more. 
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One of the most significant problems relating to the origin and evolution 1 

j 

of the planet Venus is that of its "missing'* water. There certainly is no i 

I 

liqu*?d water on the surface of Venus today and there is probably not more than 

200 ppm by volume of water vapor in the atmosphere (1). Either Venus was formed j 

i 

of material very poor in water (2) or whatever water was originally present has \ 

since disappeared, the hydrogen into space and the oxygen into the interior (3). 

It has long been recognized that measurement of the ratio of deuterium to hydro- 
gen in the atmosphere of Venus today would discriminate between these alterna- 
tives.* There are various ways that gases escape from a planet *s atmosphere, 
ranging from classical Jeans escape to hydrodynamic outflow at a supersonic 
velocity. Most mechanisms that have been identified as potentially important for 
escape of hydrogen from Venus discriminate strongly against loss of deuterium and 
heavier gases with one conspicuous exception. Hydrodynamic flow would have 
carried HD away along with H 2 - This mode of escape would have prevailed in an 
atmosphere in which hydrogen was a dominant constitutent. The velocity of the f lowin 

H 2 would have become too low to sweep HD along when the mixing ratio of dropped 
below about 2Z. by volume (A). Subsequent escape of hydrogen should have resulted in 

an enrichment of deuterium in the hydrogen cor.pcunds residing in chs: 
phere. The atmosphere of Venus now contains t',.j orduro rngnltude la3.v. hydro- 
gen (in the form of than that corresponding to the critical mixing ratio of 

Thus a one hundred fold enrichment of deuterium is the most that can 
be expected even if Venus outgassed an appreciable fraction of the equivalent 

of a terrestrial ocean of water* If the initial ratio of D to H on Venus was 
-4 

about 1.5 X 10 as it is on Earth, the present ratio could be at most about 

-2 " 

1.5 X 10 . In this paper evidence will be presented that 

-2 

the ratio of D to H on Venus is (1.6 ± 0.2) x 10 . 


I 
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.Data obtained by the Pioneer Venus Sounder Probe neutral mass spectrometer 
(INKS) have been scrutinized in the hope of using them to deduce the ratio of 
D to H on Venus. This mass spectrometer and its mode of operation during its 
descent to the surface of Venus nas been described fully elsewhere (5). The 
instrument was a magnetic sector device chat scanned the mass spectrum in 236 
discrete steps from 1 to 208 amu once every 64 seconds. Gas from the atmosphere 
was admitted to the ionization chamber of the LNMS through two micrcleaks and 
pumped internally by chemical getter and ion sputter pun^s. The leaks were 
opened at about 63 km in the upper cloud layer of Venus and data obtained in 51 
mass spectra between this altitude and the surface. Just as the probe entered 
the lower cloud layer at about 50 km the inlet leaks became clogged with a sub- 
stance that was almost surely sulfuric acid from cloud droplets. Evidence for 
this event was Che dramatic drop in CO^ and noble gas counting rates and a 
similarly striking increase in counting rates in channels appropriate to H 2 O 
and S02* One inlet leak was valved off at 47 kc; the other was cleued between 
29 km and 26 km. 

Attempts to measure the Cytherean D/H ratio from the mass spectrometer data 
have been hampered by the problem of distinguishing Venus hydrogen from terrestrial 
hydrogen transported to chat planet in the spectrometer. A mass peak found at 
18.010 amu was surely caused by HjO and there was also 1 channel at 19.010 amu 
appropriate for the detection of HDO (6). The inlet tubes were heated to inhibit 
condensation and this led to the production oi some degassed water vapor during 
Che time the probe was descending. While, tne probe was in the middle cloud layer 
between 62 km and 50 km above the surface of Venus (and before the leaks were 
blocked) the mass 18 signal increased rapidly (Fig. lA). There were very few 
counts in the mass 19 channel. After Che leaks were clogged the amount of water 
detected increased noticeably (Fig. 1). When they reopened the counting race 
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remained high, alchoueh aoc as hieh Inlciallv as ic had been when Che leaks 
were stopped* The mass 18 and mass 19 count races increased between 25 loa and 
about 7 km and thereafter decreased again alchoueh they continued to remain 

-3 

large. The ratio of mass 19 to 18 counts in the lowest 10 km was between 3 x 10 

_3 

and 5 X 10 (Fig. 2) . This result suggests that there are two components in 
Che data, one ascribable Co ouCgassed terrestrial water with an HDO/H^O ratio of 
about 3 X 10 (7) and Che ocher to Cytherean water, either outgassed or collected 

directly from the atmosphere but with a D to H ratio higher than terrestrial. 

Clearly the low altitude data, which do not maintain anything like a constant 
counting race ratio to those or CO 2 or the noble gases, result partly from 
ouCgassed water. A guide Co decomposing them into a terrestrial and a Venus 
component is needed. 

There was a cimeVnen the hydrogen being sanpled by the mass 
spectrometer surely contained a very large contribution from Venus. This was 
while the leaks were clogged with cloud droplets of 8^80^ and large signals at 18 
and 19 amu were detected. In effect the entire mass spectrometer was behaving like 
a large hydrogen enrichment chamber during this time. Figs. lA and 13 clearly show 
a great increase In count rates at 18 and 19 amu between frames 51 and 80 — from 
50.3 km to 26 km. Although the CO^ count rate decreased abruptly between frames 
49 and 51 little of the water vapor detected in frame 51 seems to be from Che 8.^80^ 

_3 

sealing the inlets. The ratio of 19 to 18 amu count races was 1 x 10 . After frame 
51 the mass 19 signal rapidly increased so that the 19/18 ratio rose quickly to 
values above 10 . The 19/18 ratios are plotted in Fig. 2 with 1 0 error bars. 

The contrast between conditions when the leaks were plugged and when they were 
open is great. The average ratio when cne signals were greatest 

frames 63 through 73 — was (2.68 ± 0.20) x 10 ~. This result is a clear 
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indication . chat the water aetecced during the time the leaks were coated has 

quite a different con^osition than at other tines. Since the largest ratio 

-2 

measured — in frame 63 — was (3. 2+0. 4) x 10 the ratio of HDO to H -0 abundance 

-2 

on Venus is at least 2.8 x 10 . It could be larger if not all the water detected 

in frame 63 was Venus water. 

Further refinement of this analysis is possible. While the leaks were blocked, 
and in fact at all times, the mass 18 peak, which will be called has two 

components E^g and V^g, from terrestrial and Cytherean sources respectively. 

Whether these are caused by outgassed or freshly sampled water does not matter. 
Similarly at mass 19, is composed of and V^^, For the terrestrial 
component ( 8 ) 

E19/E18 = 3.2 X 10"^ 

For the Cytherean component 


Vi,/Vjj . R 


where R must be constart. The problem is Co find R. Obviously there is no 

•2 

unique solution. On the other hand, R cannot be less than 2.8 x 10 Larger 

values of R are implied if in fact E^g, the outgassed terrestrial contribution 

to the counting rate during leak blockage, was not negligible even at frame 63. 

is thereby reduced and R increased. The small ratio of to E^g means that ^ 

-2 

£^9 is a very small part of 8^9 even if R is as large as 10 x 10 (1.6 counts 

out of 165). Larger R comes about by decreasing rather than increasing 7 ^ 9 . 

The four simultaneous equations for V^^g, 7 ^ 9 , E^^g and Ej^g have been solved 

for various values of R. Fig. lA and IB show S^g, V^g and E^^g, Vj ^9 and £,9 for? 

-2 

R « 3i2 X 10 ( 8 ). In principle E^g could have any value less than S^^g and R coulu 

-2 

be very large. For R * 2.8 x 10 positive values of E^gfor frames 63 through 69 are 
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obtained only if the extrene limits allowed by the 1 a error bars on S.g and S, ^ 

lo 19 

-2 

are assumed. On the other hand if R is 3.6 x 10 E^g at frame 71 is 2000 and at 

frame 80 it is 1850. It is difficult to imagine how the outgassed terrestrial 

component could have been much larger at frame 71 chan it was at frames 80 and 

82 just after the leak opened. For this reason R appears to be constrained to 

_2 

lie within the range 2.8 to 3.6 x 10 . 

In fact, there is reason to believe that E^^g and should have been con- 
siderably smaller at frames 69 and 71 than at frame 80. The reason is that one 
microleak was closed off from the ion source by a valve just after frame 55 at 
47 km. Thus the source of outgassed water (the heated inlet cube walls) was cut 
approximately in half at that time. The fact chat S^g and extrapolate back- 
ward from their values at frame 63 to. levels far below chose at frames 49 and 51 
shows the effect of this reduction. A cap can be placed on 

and during the time the leaks were blocked by connecting the points after 
frame 80 w'ich about half the value measured ac frame 49. This procedure 

would exclude values of E^^g and that would allow R to be greater 
_2 

than 3.2 X 10 — allowing for 1 o deviations in E^^g.and Connecting 

_2 

the actual count rates be. re and after closure would permit R to be 3.4 x 10 . 

Imposition of the condition, that no value of E^g while the leak was blocked could 

be larger chan those attained just after it cleared would allow R to be 

_2 

as large as 3.6 x 10 . If confidence limits are relaxed to three standard 

deviations the same procedure expands the r^ge of R from 2.2 to 4.0 x 10 (9). 

In Fig. 1 it can be seen that the. outgassed terrestrial components E^g and 
increase rapidly after frame 63 in response to heating of the leak tubing and 
evaporation of the overcoat of sulfuric acid. The steady decrease in R (Fig. 2) 
clearly shows that the amount of terrestrial water relative to Venus water was 
increasing during this tine. The Venus components maximize ac frame 69 and then 
decrease until the leak opens between frames 77 and 80. Just after the entrance 
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CO Che leak cle as signalled by a great increase in CO2 counC race, and 

drop sharply while and increase, k drops from .0236 Co .0136. limediaCely 

and begin to rise again, very probably because water from the Venus 

atmosphere was being sampled. The outgassing terrestrial components remain 

relatively constant down to frame 90 at 19 km where they begin to increase 

rapidly with decreasirg altitude. This behavior is almost surely ascribable 

to an increase in temperature of the walls of the mass spectrometer. It is 

interesting chat after the leak cleared V^g maintains a constant ratio of 
36 

about 1.15 to the Ar count race between 23 ka and 13 km. Thisoey mean that 
Venus water was being directly sampled and that the chemical getter was not 
pumping water. If so Che mixing ratio below 10 km decreased coward the surface 
by about 30X. This behavior is similar to that reported by Moroz, ^ (1) 

Further study of this effect is being undertaken. 

The hydrogen associated with the equivalent of a terrestrial ocean could 
have escaped from Venus iu the form of H, •* if it had left at an average rate of 
7 X 10^*^ cm ^ s ^ for 4.6 billion years. This flux is less than the largest 
flux that diffusion could have supported if the water vapor or mixing ratios 
were greater than about 0.35% (4). However, it does not seem likely that 
escape of the hydrogen associated with the equivalent of a terrestrial ocean or 
even a large fraction of that much hydrogen would have occurred at such a slow 

pace over bi.llions of years. Instead, it 1; very likely Chat after a large amount 
of water had outgassed from Venus, a runaway greenhouse ensued (10) and Chat a 
copious amount of hydrogen produced from this water appeared in the atmosphere. 

would Chen have been the dominant gas in the upper atmosphere if, for example, 

Che surface of Venus acted as an efficient sink for oxygen because of reactions 
such as 

2Fe0 + H^O Fe^Og + 

Escape would have been powered by solar EUV heating and a supersonic hydrodynamic 
outflow of H 2 would have resulted. There Is a limit of about 10^^ cm*^ s*^ 

•"■8. 




u 



f 




t 

>> 


.F 


Si 

H 



Co Che race at which H would have escaped in chis way (4). ORIGINAL PAGE IS 

^ OF POOR QUALITY 

Still this flux is large enough to have exhausted the 

equivalent of an ocean in 280 Myr. The flowing outward would have swept heavier 
gases along unless their mass was large enough for them to diffuse downward so 
fast that they would have remained in the atmosphere. On the other hand, there is a. 
maximum flux ofH 2 that could have been supported by diffusion if the background gas was 
C02» When the mixing ratio is small enough the diffusion limited flow will no longer 

be rapid enough to allow a hydrodynamic flow of H 2 to sweep HD away. This occurs 

-2 

when the mixing ratio of H 2 becomes about 2 x 10 by volume (4). Thus, enrichment 

of deuterium begins only after the mixing ratio of H 2 drops below about 2% no 

matter how much water was originally present on the planet. Tne subsequent 

-2 

enrichment is Chen just the ratio of 2 x 10 to* the present equivalent H2 

mixing ratio. The enrichment given by the present HD to H 2 ratio of (3.2 ± 0.2) 

-2 -4 

X 10 is 100 ± 12 referred to an initial ratio of 3.2 x 10 . It implies that 

Che mixing ratio of H 2 O is now 200 t 25 ppm. Tnis value is in good agreement 

with the 100 - 200 ppm measured by the Venera Spectrophotometer (1). 

The possibility that there is a large abundance of deuterium in the upper 

atmosphere of Venus was suggested by the Mariner 5 Lyman a observation (11) > It 

has recently been asserted again by McElroy, ^ al . (12). They argue that a mass 2 i 

detected by the ion mass spectrometer on the PloneerVenus orbiter is n"^. The D/H ratio of 
“2 

about 1x10 for the bulk atmosphere implied by this interpretation is one that could 

have resulted from nonthermal loss of hydrogen resulting from collision of fast 

oxygen atoms produced in dissociative recombination of 0,'*' with hydrogen atoms. 

_2 

The ratio of (1.6±0.2)- x 10 obtained by the LhllS cleai^y agrees with the value 

required by McElroy, £t al. The lifetime of 9 x Id ^ars for hydrogen deduced 

from their mechanism would allow the water vapor mixing ratio to grow from 200 

9 

ppm to 2 percent in about 4.2 x 10 years. There is tiae enough left for hydro- 
dynaclc escape to have exhausted the equivalent of a terrestrial ocean. Although 
the measurement reported hare cannot reveal how much additional water may have 
been outgassed from the planet before the critical mixing ratio of 2 x 10* . 
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1 -as reached It would be astonishing If the quantity were not considerably larger 
than this lower limit (0.3 percent of a terrestrial ocean) (13). 
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1 (A) Co'jncs per data frame in H^O channel, E^g and V^g, the terrestrial 
-ducgassed and Venus components for R « 3.2 x 10 Error bars are 1 o. 
D’li.ing Che period between frames 55 and 63 an isotope ratio measurement 
UPM sequence) was bei".g made. (3) Similar plots for the HDO channel. 

Time of leak opening is indicated by the broken vertical line. 

2 Ratio of counting rates for HDO and H^O as function of data frame (time). 
The period of leak blockage is set oft by the vertical lines at frames 50 
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Abstract . A global Monte Carlo model of the 
exosphere of Venus* simulating the normal 
exospheric processes* as well as the production 
of a *hot' hydrogen component by charge exchange 
of H'*' with H and 0* has been computed. The 
resulting altitude profiles of atomic hydrogen 
concentration over both thr day and night 
hemispheres are In reasonable agreement with 
Mariner 5 and Mariner 10 observations of Lyman a * 
showing that the ionospheric charge exchange 
reactions are a significant source of 'hot* 
hydrogen* possibly the dominant source. However* 
the uncertainties In the available atomic 
hydrogen data allow for production of a similar 
amount of nonthermal H by chemical processes 
involving Hp as suggested by Kuiar and Runten 
(1974). 


Introduction 

When Mariner 5 riew past Venus in 1967t an 
ultraviolet photometer detected strong emissions 
in the 1050-1250 A range that were assumed to be 
Lyman a photons* resonantly scattered by atomic 
hydrogen [Barth et al.* 1967]. Further analysis 
of the data by Barth et al. [1968] revealed a 
peculiar altitude distribution of the radiation 
over the bright limb that indicated a sudden 
increase in the scale height of the scatterers at 
about 10^ km from the center of the planet* 
suggesting a two component exosphere. Barth et 
al. [1968] also noted that the bright limb data 
could be fitted to an exosphere of H^ and k at 
650 ± 50 K* with H2 being the dominant 
constituent. The possibility of an atomic 
hydrogen-deuterium exosphere was considered by 
Barth [1968]* McElroy and Hunten [1969] 9 and 
Wallace [1969]« A two- temperature atonic 
hydrogen exosphere was also discussed by Wallace 
[1969]* while the possibility that the 'hot* H 
could result trrm an ionospheric charge exchange 
reaction was mentioned by Sze and McElroy [1975] 
and discussed by Chambenaln [1977]. 

Subsequent work by Anderson [1976] verified 
that the Mariner 3 ultraviolet photometer data 
from both the bright limb and the dark disk were 
compatible with a bimodad velocity distribution 
of atomic hydrogen* Takacs et al. [1980] have 
shown that the ultraviolet spectrometer data from 
Mariner 10 are consistent with Anderson's 
analysis of the Mariner 5 measurements. The 
salient features of the Venus hydrogen exosphere 
are a cold component with temperature varying 
from 275 50 X in daytime to 150 ±. 50 X ax 

Dight* a ne§rly constant ooncentration of about 
2 X 10^ at a referwnoe radius of 6305 km* 
and a hot component with apparent temperature in 
the range 800*1500 X and a reference level 
ooncentration of about 10^ cm*3^ 

Xumar and Hunten [1974] showed that several, 
ion-neutral ohemioal reactions involving 

Copyright 1981 by the American Geophysical Union. 


molecular hydrogen in the Venus ionosphere could 
act as sources of nonthermal hydrogen atoms* 
making a two- temperature atomic hydrogen 
exosphere plausible. The energy distributions of 
the hot atomic hydrogen produced by ionospheric 
chemical reactions were studied further by Ferrin 
[1976] and by Cravens et al. [1980] using 
theoretical models for the H2 abundance In the 
Venus atmosphere. Cravens et al . [ 1980] 
concluded that the major source of day side 
nonthermal H is the recombination of 0H^« Kumar 
et al. [1981] have utilized the Pioneer Venus 
or biter measurements of ^ and other constituents 
to derive a self consistent* vertical 
distribution of with abundance of about 10 
ppm. From the altitude dependence of the rate of 
production of E in their model calculations* 
Kumar et al. [1981] concluded that the reaction 
of H^ with 0 provides* adequate nonthermal 
hydrogen to explain the nonthermal Lyman a 
measurements* while recombination of OH'*' is the 
dominant cause of hydroaen escape, producing an 
escape flux of about 10” cm*^ s 

While considerable effort has been devoted to 
the role of moleoular ion chemistry as the cause 
of the Venus exosphere hot hydrogen* much less 
attention has been given to alternative 
processes. In an exosphere there is a natural 
excess of ion temperature over that of neutrals* 
allowing the charge exchange reactions 


H ♦ “hot* ♦ H„ot 

(1) 

0 * “Sof^ 0* ♦ Hhot 

(2) 

to Increase the superthermal hydrogen population* 
while 

H ♦ 0* * * 0 

(3) 


acts as a sink for both thermal and supratbermal 
hydrogen atoms [Tinsley et al.* 1975; Mah«..^ and 
Tinsley* 1977; Chamberlain* 1977; Cravens et al.* 
198O; Hodges et al.f 1981]* On Venus the initial 
protons and the resultant neutral hydrogen atoms 
in reaction (1) or (2) have temperatures of 
several thousand degrees Kelvin [Miller et al.* 
198O]. Owing to a general inorease in ion 
temperature from day to night in the Venus 
exosphere ,.rom about 2000 X to 5000 X according 
to Miller et al.)* the hot hydrogen arising from 
these reactions is likely to have a higher 
Umperature at night than in daytime, in 
qualitative agreement with the empirical model of 
Anderson [1976]. Cravens et al. [1980] oonolude 
on the basis of vertioil column equilibrium 
calculations that these reactions are probably 
Just aa Important as the Ho reaction with O'** in 
produoidg 'hot' H at night, but not in the 
daytime. 
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It Should he noted tnat ▼ertical eoluany 
chenical^hallistio equlllbriua aodela neglect 
global scale tranjpov^t, a phenoaeiion that is 
likely to be quits laportant for hot hydrogen 
because theraaJ speeds are similar in magnitude 
to orbit velocity, thus the hydrogen that is 
produced at tiight by charge exchange, as veil as 
by other chemical smocesses, must influence the 
daytime distribution. As an initial step toward 
understanding the role of lateral transport we 
have addressed one element of the problem: Vhat 
three-dimensional exospheric hydrogen 
distribution would be produced on Venus if 
molecular ion chemistry were nonexistent and all 
hot hydrogen were pi Jduced by reactions ( 1 } and 
(2)? Subsequent aiiculatlons and discussion show 
that the resultant self consistent hydrogen 
distribution fits the Mariner 5 and 10 Lyman a 
measurements, both in daytime and at night. This 
does not preclude the existence of the ion 
molecular reactions, but it does challenge their 
significance because the influence of the charge 
exchange reactions is unchanged by the addition 
of other processes. 

The two sources of exospheric hydrogen that we 
consider are the flux of thermal atoms upward 
through the exobase ai»l reaction (2) within the 
exosphere. Neutral atoms from either source may 
undergo effective velocity conversion by reaction 
(1). Most atoms emerge fr<ai the exobase, travel 
through the exosphere in ballistic trajectories, 
and reenter the thermosphere, where collisions, 
primarily with atomic oxygen, produce a 
distribution of upgoing velocities that includes 
thermalized as well as reflected compojents. The 
exobase source flux differs only slightly from 
the downcoming flux, the difference being equal 
to Che net upward flux needed to supply losses 
due to ionization and escape. The contribution 
of reaction (2) to the exosphere can be 
determined absolutely from direct measurements of 
H** and 0, but the magnitude of the exobase source 
cannot be predetermined. Because the total 
source is proportional to the global atom 
abundance it produces, the source magnitude can 
be determined by fitting the computed model 
distribution of relative concentration to the 
Mariner 5 ultraviolet photometer data. 

A model of the Venus exosphere has been 
obtained by Monte Carlo simulation, a method that 
has been used extensively in studies of 
exospheric processes on the moon and Mercury [of. 
Hodges, 1973b, 1978, 1980; Curtis and hartle, 
1978; Smith et al., 1978]. Two separate global 
distributions of hydrogen were computed, one 
corresponding to the exobase source and the other 
to reaction (2). In each case the atoms were 
followed in trajeotory, randomly experiencing 
reactions (1) and (2), as well as photoionization 
and momentum transfer due to Lyman a seat ter as 
determined by appropriate probabily 
distributions. The amplitude of the exobase 
source distribution was determined from a 
logarithmic fit of the sum of the two 
distributions in daytime to the Anderson [1976] 
bright limb model between radii of 6500 km and 
7600 la. Subsequent discussion will show that 
the charge exchange r^iaotions provide sufficient 
hot hydrogen to explain the bimodal distribution 
indicated by the Mariner 5 ultraviolet photometer 
data. 


Exosphere Simulation Method 

In any exosphere the most important physical 
process is collisionless ballistic transport, in 
which atoms emerge from the top of the 
thermosphere with thermal speeds, travel in 
esentially elliptic orbits with periapses below 
the base of the exosphere, and reenter the 
thermosphere* These ballistic atoms tend to 
travel lateral distances that are proportional to 
their temperature, so that warm atoms are more 
mobile than cold ones, making migration, from day 
to night more rapid than the reverse. As a 
result, exospheric equilibrium (i.e., the 
condition of no lateral flow) requires highest 
concentrations in ni^ttime. Hodges and Johnson 
[1968] showod that for gases with thermal speeds 
much less than the escape velocity.- the 
exospheric equilibrium condition corresponds to 
exobase concentration being proportional to the 
-5/2 power of temperature. 

Thermal escape, the production of satellite 
particles, and nonthernal processes such as 
charge exchange arjd photoionization tend to make 
analytical methods of study of planetary 
exospheres imiHractical. On the other hand, by 
using Monte Carlo exosphere simulation methods 
[Smith etal., 1978; Hodges, 1973b, 1980], the 
accuracy of the resulting model is limited only 
by the accuracy of mathematical descriptions of 
the physical processes. The specific methods 
used in this investigation are discussed below, 
and the assumed exosphere environment is 
presented in the next section. 

It is convenient to approximate the velocity 
distribution of atoms entering the exosphere from 
the thermosphere as Maxwellian. For the earth 
the higher exobase temperature results in 
significant thermal escape, which causes a 
depletion of the high energy tail of the 
downcoming velocity distribution. This depletion 
is partially balanced by the downward flux of hot 
hydrogen atoms from charge exchange, 
approximately restoring a Maxwellian character to 
the velocity distribution [Hodges et al., 1981]. 
Vith lower exosphere temperatures on Venus, the 
downcoming hot atoms should more than compensate 
any thermal loss, and the uncertainty is in the 
amount of the surplus in the tail due to the 
albedo flux of *hot' atoms. Following a 
suggestion of Chamberlain [1977] it has been 
assumed :iat the nonthermalization of downooming 
hot hydrogen can be approximately accounted for 
by assuming that 10% of the reentering hydrogen 
atoms are reflected back into the exosphere in 
raxxlom directiona but with no change in kinetic 
energy. 

In the Monte Carlo simulation of a Maxwellian 
exosphere, the velooitiea of thermal upgoing 
atoms at the exobase are chosen at random from 
the Maxvell-Boltzmann flux distribution 

f(y) s -J— (m/kT)^ve*^"’^^^^^oosv (b) 

2a 

where k is Boltzmann's constant, T is 
temperature, a is the hydrogen atomic mass, v is 
speed, and V is the angle between the velocity 
vector and local vertical [Smith et al«, 1978]. 
Owing to the azimuthal symmetry of (b) about 
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local vertical, both the vertical :nd tne 
borizcital coaponents of velocity are specified 
by the .<*ie pr^^oility function 


f. . 5 L',-(w2/21cT) (5) 

kT 

vhere v* represei./S eiwher the vertical or the 
horixontal coaponent of v» This expression is 
readily integrated to provide a cuaulative 
distribution unction U, which has as its inverse 


/ 2kT ^ \1/2 

V a f - -Tia(O) j (6) 

If a randoB variable with unifora distribution 
between 0 and 1 is substituted for U, the 
resulting v* is a randoa deviate of function (5)* 
Two sudi deviates are used to give vertical and 
horisontal coaponents of velocity, and a randoa 
azisuth chosen froa a unifora distribution frca 0 
to 2x specifies the direction of the horizontal 
coaponent* 

Atoa trajectories are calculated by one of two 
aethods, depending on the initial randoa deviates 
for velocity and ainlaiwi possible lifetiaes for 
each ionisation jr^cest* If the tiae of flight 
of the atca in an elliptic trajectory is shorter 
than the shortest of the lifetiaes and if the 
speed is suborbital, the trajectory is 
approziaated as elliptical* Otherwise the 
trajectory is coaputed by nuaerlcal integration 
of the equation of aotion of a particle in a 
central gravitational field* 

Above the exobase the only collisions 
considered in the aodel are those associated with 
the charge exchange reactions (1) and (3)* 
Collision cross sections for these reactions are 
larger than those for aoaentua transfer and also 
slowly varying functions of relative velocity 
[cf* Banka and Kockarts, 1973]« Assiaiing ions to 
be Maxwelliar with teaperature T^^ and 
concentration n^, their flux through a sphere of 
cross section o surrounding a hydrogen atoa with 
velocity v is the collision frequency 

|d9 sinejdvj: v| (7) 

where 


2kll 


( 8 ) 


and tha subaoript 1 danotaa propartlas of tha 
Iona. If 9 la approxiaatad aa a oonatant, than 
Intagratlon of (7) givaa 


ft 


-wv2 




(9) 


waerv' erf is the error function. The oross 
section assuaed for reaction (1) ia 7 x 10*^^ 
oa^i and for reaction (3) « cross section of 
1,3 X 10**^ oa^ was used. 

To account for the possibility that a hydrogen 


, 

atoa above the ionopause asy charge exchange with 
solar wind protons, the solar wind interaction 
with Venus has been approxiaated as a unifora 
flow around the sunward side, but leaving an 
antisunward cylindrical void with disaster equal 
to the terainator size cf the ionopause* Data 
froB the plasaa analyzer on the Pioneer Venus 
orbiter suggest such a flow pattern with an 
average solar wind speed Juap of about 0*8 in 
crossing the bow shock, accoapanied by an erratic 
concentration Juap that is generally in excess of 
unity [Mihalov et al*, 1980]* Lacking better 
knowledge, it has been assuaed that the average 
flow is coapressed ainlaally In passing Venus, so 
that the flux near the ionopause is apiroxiaately 
that in the undisturbed solar wind* The charge 
exchange cross section appropriate for the 1-keV 
protons of the solar wind is 2 x 10*^^ ca^ [Fite 
et al*, 1962]* Assuaiiu an average solar wind 
proton flux of 3 x 10® ca*^ s*Wt 1 AU, the 
value of appropriate for reaction (1) in the 
solar vi^d near Venus is estiaated to be 
1*1 X 10^ s*^« The velocity of the energetic 
neutral hydrogen produced by charge exchange in 
the solar wind has been assuaed to be 
antisunward, so that it returns to the 
theraosphere if the reaction occurs nearer the 
Venus-sun axis than the exobase radius; otherwise 
it escapes* 

Probabilities of occurrence of reactions (1) 
and (3) are assuaed to be represented by the 
extinction f(»*aula 


usexp^-j v^(tOdt*j (10) 

If u is a unifora deviate with range 0 to 1 , then 
t is the lifetiae of the hydrogen atoa for the 
reaction in question. Because varies along 
the trajectory of the atoa, nuaerlcal integration 
is used to deteralne if (and when) ballistic 
flight tiae exceeds the reaction lifetiae. 

When a hydrogen atoa is in sunlight, its 
trajectory is continually perturbed by resonant 
scatter of solar Lyaan a photons, a aeohanisa 
that is aainly iaportant in aodifying the 
population of atoas in satellite orbits, 
Assuaing the exosphere to be optically thin at 
altitudes where orbiting hydrogen exists, the 
data of Meier and Mange [1970] sumst a Lyaan » 
scatter frequency of 2.24 x 10^ s*^ at 1 AO, 
which corresponds to 4*18 x 10*^ s*^ at Venus, 
The trajectory calculation uses a tiae deviate 
equal to 


ln(u) 

8,18x10*3 


( 11 ) 


Where u .‘’s a unifora randoa nuaber between 0 and 
1, When this tiae has elasped, the velocity of 
the I, tea is iapulsively perturbed antisunward by 
the aoaentua of the absorbed photon, followed 
iaaedittely by an equal perturbation in a randoa 
direction to account for unifora reradiatlon. 
Then another tiae deviate is coaputed to 
deteraine the next ocourrence of this phenoaenon. 
Because the atcbanlsa is aainly iaportant near 
trajectory apoapses, the attenuation of solar 
Lyaan o is Ignored, 

Photoions foraed within the ionosphere are 


7652 


Hodges and Tinsley: Exospheric Hoc Hydrogen on Venus 


ORIGINAL PAGE IS 
OF POOR QUALITY 


treated as part of the ion-neutral- ion cyclei but 
^hotoions formed outside the ionopauae are 
counted as hydrogen escape events because it is 
assumed that these ions are swept away from Venus 
by the solar wind. To determine the 
photoionization frequency for atomic hydrogen, 
the cross section given by Banks and Kockarts 
[1973] of 

6.31 X 10 "’® f — X < 911.75 A ( 12 ) 

\ 91 1.75/ 

was used, where X is wavelength in Angstroms. 
Integration of the product of this cross section 
and the photon flux data of Torr et al. [1979] 
gives ionization frequencies at 1 AO that range 
from 5.4 x 10"® s"^ in 1974 to 1.7 x lO"*^ s"** in 
1979f the later value being appropriate to both 
the Mariner 5 nnd the Pioneer Venus data 
collection periods when corrected for the 
distance of Venus from the sun. A logarithmic 
deviate similar to that used above for resonant 
scatter was also used in the calculation to 
determine the photoionization lifetime for each 
trajectory. 


Venus Exosphere Environment 

An essential element in this simulation of the 
Venus exosphere is a morphologic model of ion and 
neutral atomic oxygen and hydrogen ion 
concentrations and temperatures. In the model 
adopted for this study, simple but physically 
reasonable global distributions have been fitted 
to recent in situ measurements made by 
instruments on the Pioneer Venus orbiter. 

The neutral mass spectrometer data of Niemann 
et al. [1980] show atomic oxygen to be the major 
constituent of the upper thermosphere, with 
concentration that is empirically approximated at 
ay time maximum and nighttime minimum by 


= 5.9 X 1q 5 e-0-0®®5(x-mo) (13) 

and 

“to-night * 3.1 X 10^ ,-0.157(x-1A0) (^) 


where z is idtitude in kilometers above a mean 
planet radius of 6052 km. The global variation 
of n[0] adopted for this study is a logarithmic 
interpolation, linear in the cosine of the solar 
zenith angle, given by the approximation 

n[0] » .xpla ln(n[0]^jy) 

♦ (1-a) ln(nC0]ni,ht)J 

Where 

n ■ -Kl + cos X ) H6) 

2 

and X is solar zenith angle. 

Niemann et al. [1980] also show that the 
neutral temperature in the thermosphere varies 
from about 100 K in nighttime to near 240 K in 


daytime, with uncertainties of the order of 
±20 K. The segmented- linear function 


T = < 


240 

170 140 cosx 

100 


x^o® 

60®<X<120® (17) 

X2120® 


has been adopted to approximate the global 
temperature distribution. 

The base of the exosphere is approximated by a 
surface at the level where the mean free path 
length of atomic hydrogen equals the scale height 
of atomic oxygen [McAfee, 1^7], i.e., 



GMb <7gin[0] 


where r^ is the exobase radius, k is Boltzmann's 
constant, GM is the gravitational parameter, m is 
the atomic mass of oxygen, and is the cross 
section for atomic oxygen- hydrogen momentum 
transfer collisions (about 5 x 10*^ cm^). Using 
the foregoing temperature and atomic oxygen 
concentration approximations, the exobase 
altitude in daytime is 196.9 km, and at night it 
is 154.4 km. To accommodate the day-night 
difference in exobase altitude, the exobase has 
been assumed to approximate a sphere of radius 
6227.7 km with center offset 21.3 km sunward of 
the planet's geometric center. (The geometric 
center is asstned to coincide with the center of 
mass of the planet in ballistic trajectory 
calculations. } 

The ionosphere of Venus shows great 
variability in response to temporal changes in 
the solar wind. The ionopause ^titude has been 
noted to move hundreds of kilometers in a period 
the order of 24 hours [Brace et al., 1980], and 
ion temperature excursions are similarly dramatic 
[Miller et al., 1980], For purposes of this 
study it is assumed that neutral hydrogen 
responds sufficiently slowly to ionospheric 
changes that its distribution corresponds to 
average ionospheric conditions. 

Data from the Pioneer Venus orbiter retarding 
potential analyzer reported by Miller et al . 
[1980] have been used to construct an average 
^obal ion temperature model. At altitudes above 
310 km an isothermal ion temperature of 1800 K 
has been assumed for solar zenith angles less 
than 120°, increasing linearly with oosX to 
5000 K at the nadir. At night the ion 
temperature la assuned to be 200 K at 150 km and 
to increase linearly with altitude to 1800 K at 
310 km. Over the subsolar point the model ion 
temperature la 550 t below 228 km and increases 
linearly with altitude to 1800 K between 228 km 
and 310 km. At intermediate locations in daytime 
the ion temperature is found by interpolation 
between the subsolar and terminator profiles. An 
average electron temperature of 5000 E, 
independent of location, has been assumed as an 
approximation to the nearly isothermal 
temperature measured by Miller et al. 

The morphology of the assuned ionosphere model 
is illustrated in Figures 1 and 2 in graphs of 
altitude (above an assumed mean planet radius of 
6052 km) versus solar zenith angle for oonatant 
oonoentratlons of 0"^ and 8*^, respeotively. In 
each figure the lower boundary is the exobase, 
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Fig* 1 • Contours of constant O'** concentration 
(ions per cubic centimeter) in the Venus 
exosphere. 


while the upper boundary is the ionopause. The 
latter curve represents an analytic approximation 
of the average ionopause altitude data of Brace 
et al. [1980], The altitude profiles of O’** and 

for daytime and night reported by Taylor et 
al« [1980] were urad to establish subsolar and 
antisolar conditions. Ion and electron 
temperatures discussed above were usea to make 
hydrostatic extensions of the ion concentration 
profiles to 1500 km. Concentrations at 
intermediate zenith angles were approximated by 
logarithmic interpolations similar to equation 
(15). 

Results 

Exospheric hydrogen data were accumulated in a 
three-dimensional grid of audit zones arranged on 
spheres concentric with the exobase. The radii 
of these spheres varied fron (s 6227.7 km) to 
2rw in 14 equal decrements of gravitational 
potential (GM/r)# so that deviations of 
concentrations from barometric equilibrium would 
be apparent. Global morphology was obtained by 
' ibdividing each sphere into 32 zones of equal 
. rea, the zone boundaries being formed by eight 
meridians spaced 45^ apart and by latitudes of 0^ 
and ±30^, Intended to provide flexibility in 
future calculationsi this scheme is not ideally 
suited to the present problemi where all globally 
varying parameters depend only on solar zenith 
angle. Spatial data presented xn the following 
discussion represent only the events accumulated 
in the low- latitude audit zones, i,e. ±30^, 

Figure 3 summarizes the results of the present 
model oaloulatlons. The pluses denote the 
contribution of the hot hydrogen produced by 
charge exchange of ionospheric protons with 
atomio oxygen in the exosphere (reaction (2)}, 
while the squares represent total hydrogen 
oonoentration. Daytime data were averaged over 
longitudes of ±67*5^ from local noon, and the 
night data were averaged over a similar zone 
about looal midnigul. Superimposed on the day 
and night plots, rfuipeotively, are graphs of the 


bright limb and dark disk atomic hydrogen 
exosphere profiles derived from Mariner 5 
ultraviolet photometer data by Wallace [1969] and 
Anderspn [ 1976], and from the Mariner 10 
ultraviolet spectrometer data by Takacs et al. 
[ 1980 ]. 

What is immediately apparent in Figure 3 is 
the fact that the present exosphere simulation 
calculation reproduces the two component nature 
of the Lyman o observations, including the proper 
night- to-day concentration and scale height 
ratios at high altitudes. The only apparent 
discrepancy is at low altitude at night, where a 
fairly high concentration may have been masked by 
the assumption of constant concentration at the 
arbitrary critical level of 6 305 km in the 
Mariner 5 and 10 data reduction. Anderson [1976] 
acknowledges that the data *do not exclude an 
increase [in concentration at 6305 km] toward the 
dark limb.* The range of uncertainties arising 
from analyses of Mariner data below 7000 km 
radius is about an order of magnitude, easily 
accommodating the present model. 

The lowest computed points in Figure 3 
correspond to the exobase, where the hydrogen 
concentration varies from about 4.4 x 10° cm*^ at 
night to 3.9 X 1 q 5 om~3 in daytim,, for a night- 
to-day concentration ratio of 11 ,3 « This is 
remarkably close to the exospheric equilibrium 
ratio of 11.0 given by equation (17) of Hodges 
[1973a], 

Global rates for various events in the Venus 
exosphere are tabulated in Table 1 in units of 
10^° events/s. The specific contribution of the 
ionospheric 0 + ff** source and the total rates for 
all exospheric atoms (i.e., ballistic atoms 
entering the exosphere through the exobase as 
well as those of ionospheric origin within the 
exosphere) are listed. It can be noted that 
although hot hydrogen is produced by charge 
exchange of with 0 at about 11t of the rate of 
its production due to charge exchange of H with 
H'*', the former source does not contribute 
proportionately to the escape rate. This is 
because the small scale height of atomio oxygen 



Fig. 2. Contours of constant oonoentration 
(ions par oubio o.ntlmeter) in the Venus 
exosphere. 
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Fig. 3 . Daytime and nighttime atomic hydrogen 
concentration profiles. Discrete symbols denote 
present results, squares giving the total 
concentration and pluses the contribution due to 
the Ionospheric 0 charge exchange reaction* 
Line graphs are published models derived from 
Lyman a measurements* 

forces the reaction of H** with 0 to occur mainly 
near the exobase, where the H*** temperature Is 
mlnifltumi resulting In cooler hot hydrogen than 
that froB reaction (1). In addition, the table 
shows that the net Ionospheric production of H by 
the ♦ 0 reaction (3.5 x ^toma s*M la 

much less than the Ionization rate due to the 
reverse reaction (2*9 x 10^” atoms a"^), 
indicating that these reactions are not In 
equilibrium In the Venus exosphere and hence that 
there must be a large downward flow of protons 
across the exobase* 

Most of the H escaping from Venus Is outward 
flowing hot hydrogen with sufficient energy to 
overcome the gravitational potential* However, 
14| of the escape flux la due to Ion formation 
outside the lonopause, where acceleration in the 
aolar wind may preclude return to the exosphere* 
The ratio of any of the rates tabulated in 
Table 1 to the escape rate can be interpreted as 
the average number of such events in the lifetime 
of an exospheric atom, which In turn is 1 *9 x 10^ 
a* Thus each atom experlenoes about seven charge 
exchange reactions, four of which result in a 
hot, or energetic, atom being formed* The 
average number of ionisations per atom la about 
3*4* Only about 8| are Injeoted Into satellltf 
orbits, which have a mean duration of 2*4 x 10^ 
s, making the average orbit time per escaping 
atom 1*9 X 10^ s. The fraction of exospheric 
atoms in orbit is found to be 0*01 by dividing 
average orbit time by lifetime* This contrasts 
sharply with the conditions in the exosphere of 
earth, where roughly 45t of the hydrogen is in 


satellite orbits [ odges et al«, 1981]* 

The total Venus hydrogen escape rate of 
9*1 X 10^^ atom s*^, corrupoi^lng to an average 
flux of 2 X 10* atoms cm"^ s* , greatly exceeds 
the classical Jeans thermal evaporation rate for 
the cold Venus exobase, which la of the order of 
10 cm“^ s*^* By comparison, the total 
terrestrial escape flux Is about 2 x 10° atoms 
cm"^ s*\ with the Jeans escape flux varying from 
perhaps ^5i to 50$ of the total [Tinsley, 1978]* 

Discussion 

The present exosphere model Is preliminary and 
approximate in nature, intended mainly to provide 
a first-order answer to the question of the 
Importance of charge exchange relative to 
chemical processes as the source of the hot 
hydrogen on Venus* From the agreement shown In 
Figure 3 between the calculated altitude profiles 
and those derived from the Mariner 5 and 10 
Lyman a observations. It 1s evident that 
Ionospheric charge exchange la a significant, and 
possibly dominant, source of the hot hydrogen* 
This source Is mainly due to the H -t- reaction 
and hence Is fixed by the thermal part of the 
atomic hydrogen distribution* The apparent 
factor of 2 variability of the hot H on Venus 
implied by differences In the Mariner 5 and 10 
data allows an Indeterminant, and perhaps equal, 
addition of nonthermal H fr^ chemistry as 
proposed by Kumar and Hunten [1974]* Pioneer 
Venus or biter Lyman a measurements may eventually 
help resolve this question* The 'pure 
speculation' of Chamberlain [1977] 'that the 
solar wind would produce a distended low-density 
hot plaamasphere on the downwind side of the 
planet which could be effective In producing a 
hot coronal component' seems to have been borne 
out by the Pioneer Venus measurements and the 
present calculations* 


TABLE 1 • Venus Exosphere Global Event Hates 


Type of Event 

R*t* (Unit s 

Ionospheric 

Source 

10^6 s"b 

Total 

Produotion of hot H 



H ♦ H*” ♦ H 

0.C01 

3.27 

0 * H* O'*" ♦ H 

0.35 

0.35 

Conversion to energetic H 
H ^ H^(solar wind) 

♦ H 

0.001 

0.19 

Loss by ionisation 

H + hv ♦ e 

3 X 10“2 

0*21 

H + 0 * '*■ H* ♦ 0 

i| X 10** 

2.87 

Escape of H 
H * H^( solar wind) 
♦ H 

0.001 . 

0.07 

H * hv H* ♦ • 

3 X 10-* 

0.04 

Gravitational escape 

0.005 

0*80 

Total eaoape rate 

0.006 

0.91 

Satellite orbit insertion 

0.001 

0.07 
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The significance of the nagnitude of the 
hydrogen escape rate fron Venuj as obtained in 
Table 1 is not clear* That rate does not include 
the direct escape of ions, which could be at 
least as important as the escape of hot neutral 
hydrogen* Furthermore^ the origin of the 
escaping hydrogen is uncertain. Its escape rate 
is similar to the expected average Influx of 
hydrogen from impacting cometary bodies* The 
j escaping H could also be provided by capture of 
of the solar wind proton flux incident on the 
^ planet. Thus the budget of accretion or loss of 
hydrogen on Venus remains an open question. 

Results presented in Table 1 imply that the 
global rate of loss of exospheric hydrogen due to 
charge exchange with 0^ is 8 times as large as 
the rate of the reverse reaction that converts 
to H. This imbalance suggests a net excess of 
production of H^ in the exosphere, requiring a 
substantial escape of or a downward flow of 
protons that recombine in the thermosphere. The 
small scale heights of 0 and CO2 and their 
reactions with H'*’ produce a virtual sink for 
downward flowing protons at the exobase , 
encouraging the flow implied by the present model 
calculations. 

Bertaux et al. [1978] have analyzed Lyman a 
measurements made with a photometer and 
abscrption cell on the Venera 9 and Venera 10 
orbiters* The line width was found to Increase 
sharply between 1.5 and 1*75 Venus radii, which 
they interpreted as due to a population of hot 
hydrogen atoms in satellite orbits, created by 
charge exchange of exospheric hydrogen with solar 
wind protons that had become turbulent after bow 
shook crossing. However, an extreme deceleration 
of the neutralized solar wind ions, from typical 
velocities of the order of 400 km/s to subescape 
speeds (< 8 km/s at the bow shock) would be 
required to achieve orbit status. In the course 
of the present calculation it has become apparent 
that charge exchange with solar wind protons is 
the dominant means of deorbiting satellite 
hydrogen, and thus it is unlikely to be a net 
source of orbiters. 

Bertaux [1978] postulated a similarly 
localized population of satellite particles in 
orbit around earth at 5 based on 000 5 data 
using a similar absorption cell* This 
interpretation has been questioned by Prlsoo and 
Chamberlain [19791# who show that the data can be 
explained by a source of satellite particles 
below 4.6 R» with temperature* decreasing from 
1*2 times the neutral temperature at 3 Rg to the 
neutral temperature beyond 6 Rg. By analogy, the 
Bertaux et al* [1978] proposal that a high 
altitude source of satellite particles is 
required for Venus would also seem questionable* 

* Thermospheric rotation and winds bias the 

ezobase velocity distribution, causing a shift 
and change in amplitude of the exobase 
concentration maxiauB and minimum [Hodges, 1973s; 
Tinsley et al*, 1975]. In a separate calculaUon 
in which a rotating exobase was assumed, with 
speed matohed to the cloud top rotation, there 
was a shift of the ni^tside maximum similar to 
that in the data of Brinton et al* [1980] but no 
substantial change in amplitude of the exobaae 
diurnal variation from the data presented in 
Figure 3* A convergence of the neutral winds 
toward the nightside would enhance this 
amplitude* The cross-terminator wind of 200 m/s 


derived from thermosphere temperature data by 
Mayr et al. [1980] has been Invoked by Brinton et 
al. [1980] to explain their large night- to«-day 
concentration ratio. Because these winds are 
poorly defined, their effects are not addressed 
in the present calculation. It is to be expected 
that their inclusion would increase the nighttime 
concentration. A future set of exosphere models 
for a range of solar activity will include the 
effects of winds of various magnitudes as well as 
the recently discovered day- to-night ion flow in 
the exosphere [Knudsen et al., 1980] which biases 
the velocities of hot H produced by charge 
exchange in the terminator region. While an 
enhancement of the nighttime thermal H seems 
realistic, it would increase the discrepancy with 
the nighttime Mariner 5 and 10 data* We suggest 
that the latter concentrations are less reliably 
determined than those for daytime and that the 
Uae of more realistic, nonlso th ermal , 
nonisotroplc models similar to those now being 
developed for earth [Hodges et al., 1981] in 
radiative transfer calculations would increase 
the nightside H concentrations inferred from 
Venus Lyman a measurements. 

Conclusions 

The Monte Carlo calculation of the global 
distribution of hydrogen in the exosphere of 
Venus, with hot hydrogen produced by charge 
exchange of ions with both atomic hydrogen and 
oxygen, has yielded a result that is in 
reasonable agreement with altitude distributions 
of H based on Lyman a measurements* This 
confirms the hypothesis that exospheric charge 
exchange reactions are sources of sufficient hot 
hydrogen to explain the two- temperature exosphere 
of Venus* Uncertainties in model parameters and 
in data on the Venus exosphere presently allow a 
source of similar magnitude of nonthermal 
hydrogen due to exothermic chemical reactions 
involving H^ as suggested by Kumar and Hunten 
[1974]. A (mparlson of present model results 
with the calculations of Kumar et al* [1981] 
indicates that H^ chemistry could be the dominant 
cause of hydrogen escape while being a secondary 
source of the nonesoaping hot hydrogen on Venus* 
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Abstract . Monte Carlo models of the distribution of atomic hydrogen 
in the exosphere of Venus have been computed which simulate the 
effects of thermospheric winds, the production of a 'hot* hydrogen 
component by charge exchange of H^ with H and 0 in the exosphere, as 
well as classic exospheric processes. A thermosphere wind system that 
is approximated by a retrograde rotating component with equatorial 
speed of 100 m/s superimposed on a diurnal solar tide with cross- 
terminator day to night winds of 200 m/s is shown to be compatlblo 
with the thermospheric hydrogen distribution deduced from Pioneer 
Venus orblter measurements by Brlnton et al. (1980). 

Introduction 

The Venus exosphere has a peculiar distribution of atomic hydrogen 
that has provoked considerable discussion since 1967 when the 
ultraviolet photometer on Mariner 5 detected anomalous Lyman ^ 
emissions several thousand km above the planet's surface [Barth et 
el<» 1967]* Subsequent analysis of the Mariner 5 bright limb data by 
Barth et al. [1968] revealed an Increase in the scale height or 
Lyman v scatterers at about 10^ km from the center of the planet, 
suggesting a two component exosphere that could be fitted by 
exospheric distributions of Hg and H at 650 ± 50 K, with Hg being the 
dominant constituent. The possibility of an atomic hydrogen-deuteriiua 
exosphere was considered by Barth [1968], McElroy and Hunten [1969] > 
and Wallace [1969]* A two- temperature atomic hydrogen exosphere ^is 
also discussed by Wallace [1969]. 

Anderson [1976] and Takacs et al. [1980] have shown that data from 
the Mariner 5 ultraviolet photometer and the Mariner 10 ultraviolet 
apeotrometer, respectively, are compatible with a blmodal velocity 
distribution of atomic hydrogen in the Venus exosphere. The salient 
features of the models resulting from these analyses are a cold 
component with temperature varying from 275 ± 50 K in daytime to 
150 * 50 Z at night, a nearly constant concentration of about 2 x 10^ 
om*’^at a reference radius of 6305 km, and a hot component with 
apparent temperature in the range 800-1500 K and a reference level 
concentration of about 10^ cm"^. 

The relative importance of possible alternative sources of the hot 
hydrogen component for the two-tmsperi. ;ure Venus exosphere remain less 
certain. Kumar and Hunten [1974] showed that several ion-neutral 
chemical reactions involving molecular hydrogen in the Venus 
ionosphere could act as sources of nonthermal hydrogen atoms, making a 
two-temperature atomic hydrogen exosphere plausible. The energy 
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distributions of the hot atomic hydrogen produced by ionospheric 
chemical reactions were studied further by Perrin [1976] and by 
Cravens et al. [1980] using theoretical models for the abundance in 
the Venus atmosphere. Cravens et al. [1980] concluded that the major 
source of dayslde noathermal H is the recombination of OH'*’. Kumar et 
al. [1981] have utilised the Pioneer Venus orbiter measurements of 
and other constituents to derive a self consistent, vertical 
distribution of H2 with abundance cf about 10 ppm. From the altitude 
dependence of the rate of production of H in their model calculations, 
Kumar et al. [1981] concluded that the reaction of with 0 provides 
adequate nonthermal hydrogen to explain the nonthermal Lyman 
measurements, while recombination of OH'*’ was postulated to be the 
dominant cause of hydrogen escape, producing an escape flux of about 
10® cm”^ s“^. 

An alternative origin of hot hydrogen in any exosphere is through 
the charge exchange reactions 


H ♦ H**- + Hbot 


( 1 ) 


0 ^ot“’*“ O'" + Hhot 


( 2 ) 


that convert high temperature ionospheric protons to suprathermal 
neutral hydrogen atoms [Tinsley et al., 1975; Maher and Tinsley, 1977; 
Chamberlain, 1977; Cravens et al., 1980; Hodges et al., 1981; Hodges 
and Tinsley, 1981]. On Venus the velocity distribution of initial 
protons and the resultant neutral hydrogen atoms in reaction (1) or 
(2) correspond to temperatures of several thousand degrees Kelvin 
[Miller et al., I98OJ. Owing to a general increase in ion temperature 
from day to night in the Venus exosphere (from about 2000 K to 5000 K 
according to Miller et al.}, the hot hydrogen arising from these 
reactions is likely to have a higher temperature at night than Ir 
daytime, in qualitative agreement with the empirical model of Anderson 
[1976]. 

On the basis of a vertical column equilibrium calculation. Cravens 
et al. [ 1980 ] suggest that the charge exchange reactions and the H 9 
reaction with 0 *** are probably of similar significance in producing hot 
H at night, but not in the daytime* However, global scale transport, 
a phenomenon that is neglected in vertical column, ohemloal-balllstlo 
equilibrium models, is actuall/ quite important for hot hydrogen. 
Owing to the similar magnitudes of thermal proton speed and orbit 
veloolty, the hot hydrogen that is produced at night by charge 
exchange neutralization of protons must travel ballistically into the 
daytime hemd sphere. 

As an iritlal step toward understanding the roles of both charge 
exchange and lateral transport la the Venus exosphere. Bodges and 
Tinsley [1981] addressed one element of the global hot hydrogen 
problem: What three-dimensional exospheric hydrogen distribution would 
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be produced on Venus If molecular ion chemistry were nonexistent and 
all hot hydrogen were produced by reactions (1) and (2)'? The 
resulting self consistent hydrogen distribution fits the Mariner 5 and 
10 Lyman oc measur^ents, both In daytime and at nighty suggesting "that 
charge exchange Is a major source of the hot hydrogen* 

An important deficiency of the Hodges and Tinsley [1981] model is 
that at the exobase the thermal hydrogen night to day concentration 
ratio of 11 Jl is much less than the 400:1 ratio determined by Brinton 
et al. [1980] on the basis of charge exchange equilibrium of H with 
Pioneer Venus orbiter measurements of 0, CO 2 O'*" and H* in the upper 
thermosphere. Mayr et al. [1980] have shown’ that thermospheric wind 
Induced diffusion should cause a night to day hydrogen ratio of about 
100:1. Hodges and Tinsley [1981] noted that the effect of 
thermospheric winds on the distribution of velocities of thermal atoms 
leaving the thermosphere and entering the exosphere is important to 
the distribution of hydrogen on earth [Hodges, 1973e; Tinsley et al., 
1975 ] and probably on Venus as well. We have now Incorporated a 
thermospheric wind system into the Venus exosphere simulator* 
Subsequent discussion will show that the diurnal hydrogen variation in 
the upper thermosphere determined by Briuton et al* may be produced by 
the action of thermospheric winds on the exobaslc hydrogen velocity 
dlstrlbutlou. 


Venus Exosphere Simulation 

Collisionless ballistic transport, in which atoms emerge from the 
top of the thermosphere with thermal speeds, travel in esentlaliy 
elliptic orbits with perlapses below the base of the exosphere, and 
hence reenter the thermosphere, is the characteristic process of any 
exosphere* Ballistic atoms tend to travel lateral distances that are 
proportional to their temperature, so that warm atoms are more mobile 
than cold ones, making migration from day to night more rapid than the 
reverse. As a result, exospheric equilibrium (l.e. , the condition of 
no lateral flow) requires highest concentrations in nighttime. For 
gases with thermal speeds such less than the escape velocity, 
exospheric equilibrium produces exobase concentrations that are 
proportional to the >5/2 power of temperature, but this condition is 
modified by a bias of the velocity distribution due to lateral motion 
of the exobase and the resulting ballistic adveotlon [Hodges and 
Johnson, 1968; Bodges, 1973&]* 

Thermal escape, the production of satellite particles, and 
nonthermal processes such as charge exchange and photolonlzatlon tend 
to make analytical methods of study of planetary exospheres 
Impractical. On the other hand, by using Monte Carlo exosphere 
simulation methods [Hodges, 1973h, 19%; Hodges et al., 1981; Hodges 
and Tinsley, 1981; Smith et al., 1978] the accuracy of the resulting 
model is limited only by the accuracy of mathematical descriptions of 
the physical processes and the computer time resource devoted to the 
accumulation of statistical data. 

The results presented here were obtained with the Venus exosphere 
Monte Carle simulator described in Hodges and Tinsley [1981]. The 
only modification of the simulator was that needed to make the exobase 
temperature distribution agree with the revised temperature data 
published by Relmaxm et al. [1980]. In daytime the temperature was 
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increased from 240 E to 285 K and at night from 100 K to 110 K. 

In Monte Carlo exosphere simulators the random velocities cf atoms 
entering the exosphere from the thermpsphere are chosen from a flux 
distribution [Smith et al., 1973]. On Venus we have approximated this 
distribution by a Maxwellian with temperature and mean flow velocity 
corresponding to that of exobase atomic oxygen. The lateral 
thermospheric wind velocity is added to random deviate velocity 
vectors derived from a flux distribution that is predominantly 
Maxwellian, but modified by reflection of 30$ of the downcoming 
hydrogen atoms with unchanged speeds, in accordance with a suggestion 
of Chamberlain [1977]. 

The Venus thermospher' wind system is approximated by the 
superposition of two parts: a divergenceless rotational component 


Vjj . gWasinO 


(3) 


and a solar diurnal tide component with horizontal velocity 


Vj - W^{ 0sin0 - OcosOcos0 } (4) 

where is the equatorial speed of the rotational component, Wm is 
the cross terminator wind speed associated with the diurnal tide, 9 is 
colatitude, and 0 is longitude measured from the subsolar meridian. 
Unit vectors^ln thg directions of increasing colatitude and longitude 
are denoted Q and 0, respectively. 

On Venus Ehere are two distinct sources of exospheric hydrogen: the 
flux of thermal atoms upward through the exobase (the 'exobase 
source'); and reaction (2) within the exosphere (the 'ionospheric 
source')* Neutral atoms from either source may undergo effective 
velocity conversion by reaction (1). Most atoms emer'^e from the 
exobr.se, travel through the exosphere in ballistic trajectories, and 
reenter the thermosphere, where collisions, primarily with atomic 
oxygen, produce a distribution of upgolng velocities that includes 
thermalized as well as reflected components. The exobase source flux 
differs only slightly from the downcoming flux, the difference being 
equal to the net upward flux needed to supply losses due to ionization 
and escape. The contribution of reaction (2) to the exosphere can be 
determined absolutely from direct measurements of and 0, but the 
magnitude of the exobase source must be determined by normalization of 
model results to measured atomic hydrogen concentrations. 

Wc hive chosen the hydrogen concentration profile of Anderson 
[1976] derived from dayside Mariner 5 Lyman ^ results for 
normalization of the model, which we have done using separate 
calculations for the ionospheric source (l.e. hydrogen produced by 
reaction (2)) without the exobaslo source, and for the exobaslc source 
without the ionospheric source. The results for the exobaslc source 
alone above 9000 km radius have been fitted to the Anderson [1976] 
daytime profile reduced by the small contribution of the ionospheric 
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source (cf. Hodges and Tinsley [I98I}). This dayslde high altitude 
region was chosen for the noroallzatlon to avoid probleas with the 
question of multiple scattering that may have affected the Mariner 5 
Lyman QCdata at lower altitudes. 

In the computer simulation of the Venus ezospher.iy hydrogen 
concentration data are accumulated In a three-dlmenslonaJL grid of 
audit zones arranged on spheres concentric with the exobase. The 
radii of these spheres ranges from the exobase at r^^ f = 622T*7 km) to 
2rjj In 14 equal decrements of gravitational potential (GM/r), so that 
deviations of concentrations from barometric equilibrium are reaully 
apparent. Global morphology Is obtained by subdividing each sphere 
Into 32 zones of equal area, the zone boundaries being formed by eight 
meridians spaced 45^ apart and by latitudes of 0*^ and ±30^* Only data 
from the low latitude zones are considered In this work. 

Effects of Thermosi^erlc Winds on H at the Exobase 

Diurnal variations of the exobase concentration of hydrogen from 
three exosphere simulations are superimposed In Figure 1 . Squares 
denote the Bodges and Tinsley [I98I] model that neglected 
thermospheric winds. These data have been raised by an order of 
magnitude In the graph to avoid overlap with other results. The 
diamonds denote results from a simulation with a simple retrograde 
rotating exobase with Uj^ >100 m/s and no tidal component. Visual 
comparison of the static and rotating exobase models reveals a 
distinct downwind shift of the daytime minimum and of nighttime 
maximum but no significant effect on the ratio of the night and day 
extremes. 

The current thermosphere wind system deduced from Pioneer Venus 
orbiter data by Mayr et al. [1980] Is approximated by an exobase 
rotation speed of = >100 m/s and a tidal wind component having 
cross terminator speed of H> = 200 m/s. The exosphere simulation for 
rotation superimposed on tidal winds, designated *RT* In subsequent 
discussion. Is Indicated by the triangles in Figure 1 . As In the 
rotation only model there are rotation- Induced shifts of the daytime 
minimum and of the nighttime maximum. However the night to day ratio 
of H concentration Is greatly Increased by the cross terminator wind 
component. 

The histogram In Figure 2 shows the diurnal variation of the RT 
model extrapolated to 165 km. Overlaid by the histogram are the 
experimental data points for 165 km determined by Brlnton et al. 
[1980] from Pioneer Venus orbiter measurem*. its. The Initial 
normalization of the model to the Mariner 5 Lyman high altitude 
results by the method described In the previous section has been 
augmented by an additional adjustment of the model by a multiplicative 
factor of 1.8 to produce the apparent fit of the histogram with the 
Brlbton et al. data. What la important In Figure 2 Is that the 
salient features of the dlurnsd hydrogen oscillation, which Include a 
broad daytime minimum, a peaked nighttime maximum that is noticeably 
shifted toward sunrise, and a large night to day concentration ratio, 
are faithfully reproduced by the model. 

The exobase boundary condition used In the model calculations Is 
commonly referred to as the zero>net>balllstlo>flux approximation. 
This Implies a detailed balance of the downward and the nonesoaplng 
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Figure 1. Three luoilsls of the diurnal distribution of atoaic hydrogen 
at the exobase. 
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Figure 2. The RT model extrapolated to 16S km altitude is plotted as 
a histogram overlaying the atomic hydrogen data points of Brinton et 
al. [1980] for 165 km. 
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upward atomic fluxes at the exobase, with negligible excess 
thermospheric advection of hydrogen. Tinsley et al. [1975] included 
thermospheric advection for the earth in an ^ hoc manner but found 
the effect to be small. A more complicated hydrogen flow pattern that 
includes a net downward ballistic flux of H in daytime, an upward flux 
at night, and day to night advection in the thermosphere could be 
devised to produce the measured diurnal pattern, but this pattern 
would probably be unrealistic in view of the small time constant for 
chemical equilibrium of H with 0, and 0'^ near the exobase and the 
need to consider day to night advection of H* as well. Owing to the 
closeness of the reproduction of the Brinton et al, [I960] diurnal 
variation by the present model and to the relatively small Increase in 
the night to day concentration ratio found when thermospheric 
advection of hydrogen in the relatively thick thermosphere of earth 
was considered by Tinsley et al. [1975], the zero-net-ballistic~flux 
approximation is probably justified. 

Radial Morphology of the Venus Exosphere 

The radial distribution of hydrogen for the static exobase model of 
Hodges and Tinsley [1981] is shown in Figure 3 and that for the RT 
model (l.e. exobase winds approximated by s -100 m/s and s 200 
m/s) is shown in Figure 4. Curves give the day and night profiles 
derived by Wallace [1969] and by Anderson [1976] from Mariner 5 
Lyman measurements and by Takacs et al. [I960] from Mariner 10 data. 
Diamond symbols represent noon model concentrations on the day plots 
and midnight on the night plots. Left pointing arrowheads denote 
model concentrations 45° prior to noon or midnight while those 
pointing right correspond to 45° after neon or midnight. 

At high altitudes the models produce hot hydrogen distributions 
that are in satisfactory agreement with the Mariner Lyman ol 
measurements. Except for the pre-midnight data in the RT model, the 
nighttime thermal hydrogen concentrations at low eltitudes have a 
smaller scale height than the Mariner profiles, suggesting much larger 
exobase concentrations, in agreement with Brinton et al. [I960]. We 
have previously suggested in Hodges and Tinsley [1981] that the 
velocity distribution of H on Venus is probably nonisotroplc and 
nonisothermal , as it is on earth [Meriwether et al., 1980; Hodges et 
al., 1981], and that this should have a noticeable effect on the flux 
of scattered Lyman 0(. at night, decreasing confidence in the 
Interpretations of the Mariner measurements near the dark limb. 

Some significance must be attached to the fact that it is possible 
to reproduce the low altitude portion of the Mariner Lyman cC results 
by an exospheric model with no thermospheric %lnds, but that to fit 
the Brinton et al. [1980] diurnal variation near the exobase both a 
wind system and an increase lu overall normalization of the model by a 
factor of 1.8 is rqulred, leaving a discrepancy of about a factor of 5 
between the model and the Mariner results in day! me between 7500 and 
8500 km radius where radiative transfer calculations should be fairly 
reliable. One possibility that should be considered is that the 
simple wind system described by equations (3) and (4) could be 
augmented by higher order spherical harmonic components that would 
preferentially affect exospheric hydrogen near the exobase. Perhaps 
more important is the possibility that in the current Pioneer Venus 
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Figure 3« Static exobase model radial distributions of H for day and 
night. Each diamond symbol denotes a noon or midnight audit zone 
while the left and right pointing arrowheads, respectively, refer to 
adjacent audit zones 45® before and after that represented by the 
diamond. Line graphs are profiles of H derived from Lyman <a. 
measurements. 
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Figure 4. RT model radial distributions of H for day and night. 
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orbiter epoch the wind system and concentrations differ appreciably 
from conditions during the 1967 and 1974 Karlner measurements. 

Lyman 0( data are now been obtained by the Pioneer Venus orbiter. 
It will be of Interest to see how consistent the results of radiative 
transfer analyses of these data are with the present model and with 
the H concentrations determined from la situ measuranents. It may not 
be possible to deduce a complex model from the Lyman o( data but It 
should be possible to simulate Lyman <x scattering cn a nonuniform, 
nonthermad exospheric model such the present one, and test for 
consistency with the Lyman oc data. 

Conclusions 

It has been shown that It is necessary to include a thermospheric 
wind system In global models of the hydrogen exosphere of Venus to 
account for the large diurnal variation of H near the exobase that was 
deduced from charge exchange equilibrium calculations from the Pioneer 
Venus data. A wind system consisting of a solar diurnal tide with a 
cross- terminator day to night speed of 200 m/s superimposed on a 
retrograde global rotation with equatorial speed of 100 m/s provides a 
good fit to the phase and amplitude of the exobase diurnal variation 
found by Brlnton et al. [1980]. 

The Inclusion of processes producing hot hydrogen in the Monte 
Carlo exosphere simulation allow the 'two- temperature* vertical 
profile of the Mariner 5 and 10 Lyman CC measurements to be fitted, but 
It has not been possible to reconcile the Pioneer Venus exobase data 
and the Mariner results to better than a factor of 5. Changes in the 
dynasties of the Venus thermosphere between the Mariner and Pioneer 
Venus missions could account for this discrepancy. It should be 
possible to test the consistency cf exobase and altitude variations 
when radiative transfer calculations are made for a model such as the 
one given here and compared with the Pioneer Venus Lyman o( data. 
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Venus Lower Atmospheric Composition: 

Preliminary Results from Pioneer Venus 

Abstract, /nitial examination of data from the neutral mass spectrometer on the 
Pioneer Venus sounder probe indicates that the abundances of ar^on‘36. ar^on-SS, 
and neon-20 in the Venus atmosphere are much higher than those of the corre- 
sponding flaxes in Earth's atmosphere, although the abundance of radiogenic ar^on- 
40 is apparently similar for both planets. The low er atmosphere of Venus includes 
siftnificant concentrations of various gaseous sulfur compounds. The inlet leak to the 
mass spectrometer w'as temporarily blocked by an apparently liquid component of 
the Venus clouds during passufte through the dense cloud layer. Analysis offgases 
released durjuf* the evaporation of the droplets show's the presence of water vapor to 
some compifund or compounds of sulfur. 


The sounder probe, or large probe, of 
the Pioneer Venus multiprobe spav;ecraft 
{/ ) entered the atmosphere of Venus on 9 
December 1978. It carried seven instru- 
ments. including a neutral mass spec- 
trometer, designed to measure the com- 
position of the lower atmosphere of Ve- 
nus. 

The mass spectrometer, a single focus- 
ing magnetic sector device (2), was in- 
tended to measure atomic masses rang- 
ing from hydrogen to lead. Gases were 
admitted to the instrument through a set 
of two microleaks. The leaks were her- 
metically sealed prior to launch by 
means of a ceramic cap attached to a 
flange in the shell of the probe behind the 
heat shield. The cap was broken with a 
pyrotechnic device, exposing the leaks 
to the Venus atmosphere a few sec- 
onds after the parachute was deployed 
and the heat shield Jettisoned. Gas mole- 
cules entering the leaks passed through 
an ion source where they could be ion- 
ized by electrons with an impact energy 
of 70 eV. The electron impact energy 
was reduced to 30 and 22 eV on succes- 
sive mass scans on three occasions dur- 
ing descent, providing additional aids for 
the idenciflcation of parent molecules, 
whose cracking patterns change signifi- 
cantly as the ambient energy is reduced 
from 70 to 22 eV. Additional simplifica- 
tion of the spectrum occurs since the 
production of doubly charged ions is 
negligible at lower impact energies. 

Ambient gases were removed from the 
ion source by a chemical getter. The 
pumping speed was controlled by a valve 
connecting the ion source and getter. 
The valve was allowed to open during 
descent in response to increasing atmo- 
spheric pressure, maintaining in this 
fashion a relatively constant pressure 
at the ion source (i). Preliminary flight 
data indicate that the pressure iiLJhe 
800401 


ion source responded as expected to 
changes in external pressure, increasing 
by less than a factor of 10 while the ex- 
ternal pressure increased by a factor of 
10^. An anomaly occurred near 50 km in 
a region of the atmosphere where Knol- 
lenberg and Hunten {4) and Ragent and 
Blamont (5) detected the presence of sig- 
nificant concentrations of particulate ma- 
terial. The conductance of the leak to the 
ion source decreased as though the inlet 
had been blocked by some foreign mate- 
rial. The leak remained closed for ap- 
proximately 10 minutes and then gradu- 
ally opened over a period of about 5 
minutes, at which time the flow of at- 
mospheric gases to the ion source was 
fully restored (about 30-km altitude). Op- 
eration of the spectrometer then re- 
mained normal until the signal was lost, 
presumably at impact. 

The operation of the mass spectrome- 
ter was controlled by a microprocessor 
(6). Two caMbration gases, methane and 
'®**Xe, were introduced into the mass an- 
alyzer immediately prior to the initiation 
of the measurement sequence. Mass 
peaks associated with the calibration 
gases were used to provide reference 
points which the microprocessor could 
utilize to control the mass scan sweep 
voltage. A lookup table of nouns stored 
in the microprocessor defined positions 
in the mass spectrum of a preselected set 
of mass peaks. The microprocessor, 
scanning this table, directed the in- 
strument to measure the amplitudes only 
of the preselected mass peaks. This pro- 


cedure served to eliminate the time asso- 
ciated with the normal method of sweep- 
ing between adjacent mass numbers. 
Thus, the spectrum from 1 to 208 atomic 
mass units (amu) was scanned in 64 sec- 
onds, providing an average spatial reso- 
lution for the measurement of individual 
gases equivalent to approximately 1 km 
of altitude in the Venus atmosphere. 
Complete processing of data from the 
sounder probe should eventually provide 
as many as 55 mass spectra, extending 
from an altitude of about 68 km down to 
the planetary surface. 

Preliminary examination of the data 
indicates the presence of surprisingly 
large concentrations of ^^Ar, ^Ar, and 
*®Nc. The mixing ratio (volume to vol- 
ume) of “Ar in the Venus atmosphere 
is approximately 10^^, compared to a 
value of 3.2 x |0’-' observed for Earth's 
atmosphere. The atmosphere of Venus, 
however, is approximately 90 times 
more massive than that of Earth. It fol- 
lows that the absolute abundance of ^^Ar 
in the Venus atmosphere must be ap- 
proximately 200 to 300 times la*'ger than 
that of Earth. The abundance of ^®Ne is 
apparently also high in the atmosphere of 
Vents, comparable to that for ^®Ar. The 
abundance ratio {“Arl/(^^Ar] in the Ve- 
nus atmosphere is, however, similar to 
values observed for Earth, meteorites, 
and the moon. 

Table 1 gives a comparison of the 
abundances of ®®Ar reported for the sun 
(7), Venus, Earth, and Mars (8). Results 
are quoted in terms of mass mixing ratios 
(gram per gram), that i:i, ratios of the 
mass of atmospheric ^®Ar referenced 
with respect to the total mass of the par- 
ent body. The relative abundance of ”Ar 
appears to decrease with increasing 
heliocentric distance, at least for the in- 
ner solar system. The pattern is not al- 
tered significantly if we consider the con- 
centration ratio l“Arl/[‘*C) (Table 1). 
The ratio quoted for Venus assumes that 
most of that planet's ^®Ar and 'K resides 
in its atmosphere. The ratio quoted fo: 
Earth assumes that most of the terrestri- 
al ^*Ar occurs in the atmosphere but that 
the bulk of the terrestrial 'K is found in 


Table I. Abundances of ^Ar and values of the concentration ratio [^Arl/l'^C] for the sun. 
Venus, Earth, and Mars. 


Abundance 

Sun 

Venus 

Earth 

Mars 

“Ar 

1 X |0*< 


3.3 X 10-" 

1.9 X 10-'» 

(’•Arl/C'Cl 

3 X 10'* 

-10-^ 

2 X 10-* 

1.7 X |0*>to6.6 X |0-‘ 
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carbonate minerals (9). A range of values 
is given for Mars« reflecting various as- 
sumptions regarding the abundance of 
condensed carbon on that planet (^). If 
most of the martian ”Ar and were to 
reside in its atmosphere, the ratio would 
be 1.7 X 10"' g per gram. 

The relative abundances of and 
are apparently similar on Venus and 
Earth (9), although the absolute abun- 
dance for (gram per gram) may be 
higher for Venus by about a factor of 1 .5 
The situation is less clear for Mars since 
significant quantities of appear to 
have been lost as a result of escape ilO) 
and since major uncertainty is attached 
to present estimates for the surface-sub- 
surface reservoirs of Anders and 
Owen (//) have argued that the low 
abundance of ^Ar and the relatively high 
value for the concentration ratio {^®Arj/ 
t^Ar] in the martian atmosphere might 
be taken to indicate that Mars formed 
with approximately 1/35 as much caroon 
and nitrogen as Earth, and that Mars had 
degassed less efficiently than Earth (by 
about a factor of 4). The abundance of 
^Ar on Venus appears similar to that for 
Earth. Our data suggest that the mixing 
ratio of ^®Ar to “Ar is about 1. The pres- 
ence in the Venus atmosphere of high 
concentrations of ^Ar, ^*Ar, and -°Ne, 
together with normal, by terrestrial stan- 
dards, concentrations of ^°Ar, '®C, and 
suggests that the use of scaling pro- 
cedures based on measurements of pri- 
mordial noble gases to estimate abun- 
dances of other volatiles in a planetary 
atmosphere may be subject to error. The 
new data for Venus, in combination with 
earlier information from Mars and Earth, 
suggest that the concentration of primor- 
dial noble gases may vary appreciably 
from planet to planet, even though varia- 
tions in the abundance of other more re- 
active volatiles such as carbon and nitro- 
gen may be quite small. 

The blockage of the inlet leaks of the 
mass spectrometer which occurred in a 
region of dense clouds may have pro- 
vided an unscheduled, although fortu- 
nate, opportunity for direct measure- 
ment of at least one component of the 
Venus clouds. The decrease in con- 
ductance observed was quite marked. 
The amplitude of the primary CO / mass 
peak (44 amu) decreased by four orders 
of magnitude to a small residual back- 
ground level. At the same time, the am- 
plitudes of other peaks also declined to 
levels consistent with residuals to be ex- 


pected if the flow were interrupted after 
the ion source had been exposed to a 
large sample of atmospheric gas. Two 
microleaks were used in parallel during 
the early phase of the descent of the 
probe, in order to increase gas through- 
put to the ion source in low-density re- 
gions of the atmosphere. The secondary 
leak, which had a flvefold larger con- 
ductance, was closed at 47 km by an 
electronically operated valve. Gases ad- 
mitted to the instrument passed only 
through the primary leak for the balance 
of the descent. The blockage occurred 
approximately 3 minutes before the sec- 
ond microleak was closed, an indication 
that both leaks must have been blocked, 
presumably by material from the clouds. 
It seems probable that the blocking ma- 
terial should have been present in liquid 
form in order to account for the relative- 
ly complete degree to which gases were 
excluded during the subsequent 10 min- 
utes. 

The primary inlet leak had an external 
heater attached to its inlet tube to eni ure 
that the temperature of the leak would al- 
ways remain above that of the ambient 
atmosphere. Preflight tests ir a simulated 
Venus atmosphere showed that the leak 
temperature would vary from about 20®C 
above ambient temperature at higher ai- 
titudes to about 5®C above ambient at 
lower altitudes. The heater was designed 
to vaporize any droplets that might lodge 
on the inlet leak and to preclude con- 
densation. About 10 minutes after the 
probe passed out of the cloud layer the 
overcoating of the primary leak evapo- 
rated, aided no doubt by the heater, thus 
permitting a resumption of the flow of 
external gases through the leak. At this 
lime marked increases were observed m 
signals measured by the spectrometer at 
mass numbers 18. 48, and 64 amu, with 
somewhat smaller peaks at 17, 19, 32, 50, 
and 66 amu. There can be little doubt 
that the condensed material which 
blocked the inlet tube contained a com- 
pound or compounds of sulfur together 
with H.jO. Further work will be required 
in order to categorically identify the con- 
densed material There is no reason to 
reject, however, at this stage, the notion 
that the clouds of Venus may contain sig- 
nificant concentrations of hydrated 
H 3 SO 4 { 12 ), 

Additional evidence for the impor- 
tance of sulfur may be derived from data 
obtained in an essentially cloud-free re- 
gion at lower altitudes. Peaks were ob- 


served in the mass spectrum at 64 and 48 
amu and at other mass numbers that may 
be associated with radicals or com- 
pounds containing sulfur. Further analy- 
sis will be required to provide categorical 
identification of the more abundant sul- 
fur compounds. It is apparent, however, 
that the lower atmosphere of Venus must 
include a signifleant supply of sulfur and 
that the relative concentrations of more 
abundant sulfur compounds must change 
appreciably with altitude. Continuing 
analysis of these data should provide in- 
valuable insights into the complex chem- 
ical and photochemical processes which 
combine to form and maintain the planet- 
wide clouds of Venus. 
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Composition and Structure of the Venus Atmosphere: 

Results from Pioneer Venus 

Abstract. Results from the Pioneer Venus sounder probe neutral mass spectrome- 
ter indicate that there is no difference in the isotopic ratios of carbon and oxygen 
between Venus and Earth to within ± 5 percents The mixing ratio of nitrogen is 
3 percent with an isotopic ratio within 20 percent of that of Earth, The ratio of 
argon-36 to argon-40 is 85 percent, and the ratio of argon-38 to argon-36 is 20 per- 
cent, The mixing ratios of argon-36 and argon-40 are approximately 40 and 50 parts 
per million, respectively, with an error of about a factor of 2 (mainly toward a lesser 
amount} resulting from uncertainty in the response of the ton pump to rare gases. 
Hydrogen chloride cannot account foi more than a few percent of the 36 mass peak, 
and therefore the large excess of primordial argon is a reasonable conclusion. The 
ratio of neon-20 to argon-36 of 0,5 ± 0,3 is definitely terrestrial in character rather 
than solar. These results indicate that there is a large excess of all primordial noble 
gases on Venus relative to Earth, There appears to be a considerably higher abun- 
dance of sulfur compounds below 20 kilometers than in or above the main cloud 
layer. The 32 and 60 mass peaks show a sharp increase below 22 kilometers, in- 
dicating the possible production of sulfur and carbon oxysulfide (COS) at the ex- 
pense of sulfur dioxide. 


The mass spectrometer on the Pioneer 
Venus sounder probe, which entered the 
Venus atmosphere on 9 December 1978 
(/), measured the atmospheric composi- 
tion relative to CO 2 , the dominant con- 
stituent, from an altitude of 61 km to the 
surface. The instrument, a single-focus- 
ing, magnetic-sector spectrometer ( 2 ), 
scanned the mass range from hydrogen 
through mercury with a dynamic range 
of six decades. Because the instrument 
was designed to measure atmospheric 
composition rather than density, a gate 
valve tJ). operated by the increasing at- 
mospheric pressure encountered during 
descent, was installed to control the ion 
source pressure to a relatively constant 
value as the inlet leak throughput contin- 
ually increased. The result was as fol- 
lows: (i) a sensitivity of 1 part per million 
(ppm) was attained throughout most of 
the descent while the atmospheric pres- 
sure changed by four orders of magni- 
tude and (ii) the instrument output sig- 


nals are ^'ot related directly to atmo- 
spheric density but are relative to CO 2 , 
Figure 1 is the altitude profile of CO 2 in 
terms of instrument output signal (re- 
lated to counting rate). Since this is not a 
density ^rofile but a measure of the par- 
tial pressure of CO 2 in the ion source, all 
other data will be presented as mixing ra- 
tios relative to this CO 3 profile. 

The decrease in signal starting at 51 
km is caused by a blockage of the inlet 
leak, which occurred after the probe 
passed through most of the cloud layer 
designated region C of the nephelometer 
data (4). This blockage occurred presum- 
ably as a result of an overcoating of 
cloud materials (hydrated H 2 SO 4 di op- 
lets) which tasted until the probe 
emerged from the lower haze layer at 31 
km (5), at which time the flow of atmo- 
spheric gases resumed. 

The isotopic ratios of C and 0, to 
‘^C, and to have been found to be 
close to Earth values. The C ratio from 


the COj*^ peaks at mass 22 and 22.5 is 
about 0.012, approximately 5 percent 
higher on Venus than on Earth, with a 
standard deviation of ± 5 percent. The 
45/44 mass peak ratio (C 02 *") yields, on 
the average, a similar number. The ^^0/ 
ratio was within 1 percent of the 
Earth value (0.00204), also with a stan- 
dard deviation of ± 5 percent. 

In order to determine the Nj abun- 
dance on Venus from the mass spec- 
trometer data, several methods were 
used. Because of the rather large ::roduc- 
tion of CO from C 02 in the ion source, 
the 28 mass peak is comprised of both 
CO^ and N 2 * (the majority being CO^). 
The €0“^ peak amplitude is a function of 
the degree to which the gate valve to the 
ion source pump (a chemical getter 
pump) was open, and its ratio to C 02 ^ 
varied from 0 4 when the valve was 
closed to 0.12 when the valve was wide 
open. On the basis of data from the low- 
est part of the descent profile and correc- 
tions for the CO contribution, the N 2 
mixing ratio was found to be approxi- 
mately 2.5 percent. However, the uncer- 
tainty in the result is fairly large, at least 
50 percent. 

A second method is to derive the N 2 
content from the 29/28 mass peak ratio. 
If the nitrogen isotopic ratio is equivalent 
to that in Earth's atmosphere and if the 
29 mass peak consists entirely of the *®C 
and isotopic peaks (which does not 
appear to be true between 20 and 5 km), 
the N 2 mixing ratio was found to be 3 
percent below 5 km and approximately 4 
percenw above the dense cloud layer. The 
uncertainty is of the order of 50 percent. 
Because of the magnitude of the uncer- 
tainties, there is no implication in these 
numbers that the atmosphere is anything 
but well mixed. If the nitrogen isotopic 
ratio were increased by 20 percent, the 
N 2 mixing ratio would increase by 1.5 
percent. For a 70 percent increase in the 
15N/14J4 ratio, as was found on Mars (d), 
the 29/28 mass ratios for both C and N 
would become equal and it would be im- 
possible to determine the N 2 abundance 
by this method. However, since the 29/ 
28 mass peak ratio is 0.103, the maxi- 
mum allowed enhancement in the ^^N/ 
ratio would be 35 percent. This value 
would require the entire 28 mass peak to 
be Nj, which it clearly cannot be. It 
therefore appears that the most probable 
value of the nitrogen isotopic ratio is 
close to that on Earth. 

The third method for determining the 
N 2 abundance is based on the peak at 14 
atomic mass units (an'i), which consists 
of a mixture of CHt from methane, 
and CO*^ and N 2 ®^. If corrections are 
made for methane and doubly charged 
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Fig. I. The CO^ counting rate as a function of 
altitude; / and 2 indicate times when the ion 
source electron energy, normally 70 eV» was 
reduced to 30 or 22 eV, respectively. 


ions, the mixing ratio from the 14 
mass peak is 4 percent above the clouds 
and 6 percent near the surface. At the 
low altitude the methane correction be- 
comes very large, which increases the 
uncertainty in the measurement. 

From all of these data, the best esti- 
mate of the N2 mixing ratio in the Venus 
atmosphere is 3.51? percent. This value 
compares favorably with the values from 
the gas chromatograph on the sounder 
probe (7) of 4.6, 3.5, and 3.4 percent at 
54, 44, and 24 km, respectively, and with 
The value for the Venera 9 and 10 mass 
spectrometers was 1 .8 percent (9). 
extrapolated to the lower atmosphere. 
The value for the Venera 9 and Venera 
10 mass spectrometers was 1.8 per- 

One of the discoveries from the mass 
spectrometer data reported earlier (/) is 
the surprisingly large concentration on 
Venus of primordial ^®Ar and ’*Ar. in a 
ratio of 5 to 1. which seems to be a con- 
stant among the bodies in the inner part 
of the solar system. The isotopic ratio of 
^®Ar to ^®Ar is 0.85, with an error of ± 10 
percent. The mixing ratio of ^**Ar is 40 
ppm with an error of a factor of 2, mainly 
toward a lower value. This yields a ^*^Ar 
mixing ratio of approximately 50 ppm 
with a similar uncertainty. The error in 
the measurement stems from the use of a 
sputter-ion pump as the sink for rare 
gases that enter through the inlet leak. 
The ion pump is attached to the mass an- 
alyzer section of the instrument, sepa- 
rated from the ion source by the very 
small object slit. The ion source pump is 
a chemical getter which does not pump 
rare gases. Because the pumping speed 
of an ion pump for rare gases is some- 
what lower than for COj and since such 
pumps tend to regurgitate rare gases 


when pumping a heavy load of active 
gases (such as CO2), there is some uncer- 
tainty about the absolute concentration 
of rare gases in the instrument. The mea- 
sured values thus tend to be upper limits. 
Moreover, these values increase with 
time throughout the descent, as seen in 
Fig. 2. 

Therefore, we found that the best 
course was to determine the mixing ratio 
of ^“Ar near the beginning of the descent, 
above 50 km, before the pump had time 
to accumulate much Ar. The decrease in 
‘^•^Ar counts relative to the 44 n^ass peak 
counts as seen in ;he top four points (Fig. 
2) is caused by a slower rise in the 44 
peak amplitude than in the 36 peak, pre- 
sumably Clue to pumping by the walls of 
the ion source cavity. When equilibrium 
was reached, the ratio measurement was 
obtained. Appropriate correction factors 
for ionization efficiency have been ap- 
plied. The 40 mass peak had a preentry 
background amplitude which increased 
during entry as a result of the vibration 
of the pump (a well-known phenome- 
non); thus it was not possible to obtain 
an absolute determination of the ^‘^Ar 
mixing ratio. Therefore, the isotopic ra- 
tio of Ar was determined from the por- 
tion of the flight below 25 kin, after the 
pump had been exposed to a consid- 
erable quantity of Venus atmospheric 
Ar. Of course, suitable corrections were 
made for background peak amplitudes. 
The ^”Ar mixing ratio was then deter- 
mined from that for ^'^Ar and the Ar iso- 
topic ratio. The ^”ArPAr mixing ratio 
was the same above 50 km as below 
25 km: this result demonstra.tes the va- 
lidity of using the low-altitude portion 
of the descent for isotopic ratio mea- 
surements. 

The gas chromatograph has measured 
an increasing Ar mixing ratio with alti- 
tude (from 18 to 30 ppm), but the higher 
value has an uncertainty that includes 
the lower value (7). The reverse is not 
true. It seems, at this time, however, 
that the Ar concentrations determined 
by the mass spectrometer are somewhat 
larger than the gas chromatograph values 
(18 ppm at 24 km), even if allowance is 
made for the problems caused by the ion 
pump. The Venera 11 and Venera 12 
mass spectrometers measured a value of 
150 ppm for all isotopes with the radio- 
genic content (^^Ar) equal to the sum of 
the '“Ar and '“.\r, which agrees closely 
with the present value {iO), However, 
the Venera 11 and Venera 12 gas chro- 
matograph value was 40 i 20 ppm kI I ), 
Thus it appean that the mass spectrome- 
ter results from both Venera and Pioneer 
Venus tend to be higher than the gas 
chromatograph data. These results sug- 
gest that perhaps the ion pump enhance- 
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Fig. 2. Counting rate for the 36 and 35 mass 
peaks relative to the counting rate for the 44 
mass peak as a function of altitude. The curve 
labeled "35R** is the 35 mass peak less a 
background counting rate. 

ments are not properly accounted for or 
that there is some systematic error in the 
gas chromatograph data. 

The question of whether the 36 mass 
peak might not be due to HCl instead of 
^“Ar can be answered on the basis of a 
consideration of the mixing ratio of the 

35 mass peak *'ig. 2), which is seen to 
increase with decreasing altitude but less 
steeply than Ar. There is a background 
of scattered ions in the mass spectrome- 
ter on the low mass side of a very large 
ion peak (in this case COj^), which in- 
creases with increasing pressure in the 
mass spectrometer. This amounts to the 
order of 10 to 15 counts at the 35 mass 
peak position. 

The cracking pattern for HCI as deter- 
mined by the flight spare instrument 
based on the use of 70-eV electrons 
yields a 36/35 mass peak ratio of 7.0. 
Therefore, if the 35R mass peak (back- 
ground subtracted) is entirely Cl from 
HCl, the HCl contribution to the peak at 

36 amu is everywhere less than 2 per- 
cent. Even without subtracting the back- 
ground and assuming that the entire 35 
mass peak is due to Cl (which it most 
probably is not), one finds that the HCl 
contribution to the 36 mass peak is less 
than 8 percent at the beginning of the de- 
scent and drops to less than 3 percent at 
the end of the flight. The isotopic ratio of 
Cl on Earth C’CV^Kl) is 0.326. On Venus 
the 37/35 mass peak ratio varies from 0.5 
to 3, an indication that some substance 
besides Cl is a major contributor to at 
least the 37 mass peak. The fact that the 
primordial Ar isotopic ratio (found to be 
independent of altitude) is very close to 
that observed for Earth, Mars, the 
moon, and meteontes also argues against 



any appreciable HCl contribution to the 
36 and 38 mass peaks. From these argu- 
ments we conclude that the large excess 
of primordial Ar is a valid result and that 
the mixing ratio of HCl in the lower at- 
mosphere of Venus is less than a few 
parts per million. 

The principal Ne isotopes at 20 and 22 
amu are primordial. It is unlikely that the 
isotope at 22 amu will yield a value of the 
Ne mixing ratio because of the large 
COi'^ peak of 20,000 to 60,000 counts. 
Even at an electron energy of 30 eV, the 
account for the entire 22 mass 
peak. When 22-eV electrons are used, 
essentially no Ne is ionized. A value of 
the Ne content of the Venus atmosphere 
was determined from the ratio of the 20 
mass peak, after correction for ^^Ar^"' 
and the difference in ionization effi- 
ciencies of Ne and Ar. to the ‘^'*Ar mass 
peak. This ratio is 0.5 0.3. This result 

was also taken from the lower part of the 
flight data because of the rare gas peak 
enhancement right after entry, referred 
to above. Here also the uncertainty is 
quite large because of the unknown ac- 
tion of the ion pump on lare gases. It is 
clear, however, that the “”Ne/“^Ar ratio is 
less than unity and is nearly the Earth 
value of 0,57. This result would tend to 
preclude a large accumulation of primor- 
dial gases from the sun since the solar 
wind -'*Ne/-^”Ar ratio is of the order of 50 
U2). An additional argument against the 
sun as a source for the excess primordial 
gases on Venus is that the present-day 
solar wind flux fails to account for the 
abundance by some seven orders of mag- 
nitude. Of course, there might have been 
a considerably larger flux sometime in 
the past, but it would have had a very 
different Ne/Ar ratio than at present. 

The -‘‘Ne/"'’Ar ratio of 0.5 compares fa- 
vorably with that ratio obtained by the 
gas chromatograph (7>, based on the as- 
sumption that ^'‘Ar is approximately 45 
percent of the total Ar measured by .ue 
gas chromatograph. Thus, whatever is 
causing the discrepancy in mixing ratio 
determined by each instrument appears 
to be affecting both Ne and Ar in a simi- 
lar manner. The Venera 1 1 and Venera 
12 mass spectrometers obtained a value 
for ■'^Ne of 10 ppm [10), which is at the 
lower end o^ the present range of values 
but within the error range. 

In order to determine the Kr abun- 
dance in the Venus armosphere. we com- 
pared the total number of counts of the 
84 mass peak in the first 12 spectra (to 
the point of leak blockage) to the total of 
the 44 mass peak, counts. There were on- 
ly four counts at mass 84. which gives a 
mixing ratio of less than 1 ppm for ‘*^Kr. 
It is not clear whether any of the 84 mass 
peak counts are spurious, although the 
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Fig. 3. Counting rates of several S compounds 
(identified by mass number) relative to the 
counting rate for the 44 mass peak as a func- 
tion of altitude. The curve labeled “TOTAL’* 
is the sum of the counting rates for the four 
curves shown plus the counting raies for the 
48 and 96 mass p#*'\ks. 


'*'*Kr and **^Kr mass peaks have no counts 
in any of the first 12 spectra. Therefore, 
an upper limit of 1 ppm for Kr appears 
reasonable. The Venera 11 and Veneia 
12 mass spectrometers obtained a value 
of 0,5 ppm for the mixing ratio (10). 
These numbers do not rule out a large 
excess of Kr on Venus, which would be 
consistent with the excess of the other 
primordial gast:. 

It was not possible to determine the 
^He content of the Venus atmosphere be- 
cause of the very high residual He peak 
(20,000 counts) which resulted from 
backfilling the sounder probe with a mix- 
ture of I percent He in Nj before launch. 
A slow leakage through glass feed- 
through insulators and other possible mi- 
croscopic leaks (10**^ cm^/sec at stan- 
dard temperature and pressure or less) 
during the 5 months the He was in the 
probe before encounter produced the ac- 
cumulation. 

There is considerable evidence for the 
existence of S compounds in the lower 
atmosphere of Venus (Fig. 3). The sever- 
al curves are ratios of counting rates rel- 
ative to the 44 mass peak (Fig. 1). The 
curve labeled *'64/44 * is most likely due 
to SOj with possibly some addition of S> 
in the lower portion. The 64/44 curve 
turns up above 25 k.m because there ap- 
pears to have been a source of SO» in the 


droplet that blocked the leak. The curve 
labeled 60/44 has had 1 percent of the 78 
mass peak (an artifact) subtracted from 
it. The residual (plotted) is most likely 
COS. The 34/44 curve has been cor- 
rected for ‘^O and by subtraction of 
0.4 percent of the and 4.4 percent of 
the measurements. This mass peak is 
at the H^S mass dr feci position but is not 
well resolved from the ^■'S mass peak po- 
sition. It is assumed, at present, that this 
peak is from H.jS. The 32/44 mass peak is 
either O 2 or S; 10 percent of the 64 mass 
peak and 0.01 percent of the 44 mass 
peak have been subtracted from it. The 
position of the peak in the spectrum fa- 
vors the S mass defect, although the 
mas^ difference is only I part in 1800. 
The curve labeled '•TOTAL * is a sum of 
the 64/44, 60/44, 34/44, and 32/44 curves 
plus the 48 and 96 mass peak counts. The 
48 mass peak profile closely follows that 
of the 64 mass peak, and the 96 mass 
peak does not exceed 13 counts with an 
average of seven counts. 

The most interesting feature of these 
data is the sudden appearence of the 32 
and 60 mass peaks below 22 km. It ap- 
pears as though there might be a sub- 
stantial production of S and COS, possi- 
bly at the expense of SOj. Moreovei, 
there seems to be considerably more S 
below the main cloud layer 50 km) 
than in or above it. The dip in total S cen- 
tered at 22 km is not presently accounted 
for but could result from a mismatch in 
ionization efficiencies between the vari- 
ous S compounds or a slow pumpout of 
SOo from the large excess acquired from 
the droplet on the leak. 

Unfortunately, the gas chromato- 
graph's lowest sample was taker, at 24 
km, at the point where the 60 mass peak 
reached its minimum value. The negative 
result reported from that instrument (7) 
is consistent with the present data. 

A warning needs to be heeded at this 
point in the data analysis. Although the 
mass peaks measured in the spectrum 
are real, it is not clear that all of the 
chemical reactions (for example, COS 
production) are occurring in the atmo- 
sphere. Until further laboratory work 
has been completed, it is uncenain how 
the inlet system, which is at atmospheric 
temperature, is affecting the results. 

In addition, there arc significant peaks 
in the mass spectrum indicating the pres- 
ence in the ion source of H»0 vapor 
(more than one would expect to be of at- 
mospheric origin), mass 75 (an artifact 
peak), and methane (higher than the cali- 
bration gas amount). The effects of these 
substances on possible chemical reac- 
tions occurring in the ion source remain 
to be evaluated. In addition to these lab- 
oratory studies, wr are also investigating 



the mass defect information contained in 
the descent data in the hope that we 
might be able to better identify the atmo- 
spheric nnstituents. 
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Pioneer Venus large probe neutral mass spectrometer 
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A neutral particle mass spectrometer has been constructed to measure the composition and 
abundance of the atmospheric gases of the planet Venus. This instrument is being flown on 
the Pioneer Venus Multiprobe and will sample the planet's atmosphere from an attitude of 67 
km to its surface. The mass spectrjmeter is a single focusing magnetic sector field instrument 
capable of sca^ uing the mass range from 1-208 amu with a sensitivity of better than 1 ppm 
relative to the dominant gas, CO,. It possesses a unique inlet system which is capable of 
sampling gases from an environment of 770 K and 100 atm. Operation of the instrument is 
under the contr^ of a microprocessor. Through this powerful device, a highly efficient peak 
stepping and data compression program is effected permitting traucmission to earth of the 
entire mass spectral output in only 64 'jconds at a data rate of 40 bits/s resulting in an 
excellent altitude resolution of variations of atmospheric composition. An isotope ratio 
measurement cell purges an atmospheric sample of active gases yielding an enriched rare gas 
sample f^r isotopic ratio analvsis. To maintain an ultraclean vacuum in the mass analyzer 
tube, a combination of ion pumping and chemical gettering is employed. Instrument weight is 
11 kg, volume is 10650 cm^ and power is 14 W 

PACS numbers: 07.5 + .h , 06.70.Td, 07.30.Cy, 07.30.Hd 


I. INTRODUCTION 

The composition c. the atmosphere of the planet Venus is 
of interest both because of the similarities between the planets 
Venus and Earth, but more importantly because of their 
marked differences.^ The National Aeronautics and Space 
Administration has recently launched a spacecraft mission 
to V'enus to explore the atmosphere, clouds, winds, circulation 
pattem.s, solar wind interactions solar flux input, and its re- 
sultant effect on the planet. Ihis mission, called Pioneer 
Venus, consists of two spacecrafts, the Orbiter. and a Mul- 
tiprobe.- The latter includes four probes and a carrier vehicle, 
the bus. The largest probe carries the mass spectrometer de- 
signed to measure the relative composition of the neutral at- 
mosphere from 67-km altitude to the surface. The current 
knowledge of the atmosphere^ dictates an instrument of 
considerable complexity in tha^ the gases being measured vary 
in temperature from approximately 240-770 K and in pres- 
sure from 0.1-95 atm. Wide dynamic and mass ranges are 
required to survey the atmospheric gases and determine the 
cloud composition. Samples are continuously introduced into 
the instrument through a chemically passive inlet leak that 
insures no significant modification of the sample composition. 
\ variable speed pumping system consisting of both ion 
pumps and chemical getters is used to maintain a nearly 
constant ion source pressure, thereby utilizing the instrument s 
full dynamic range over the entire descent time. An Isotopic 
Ratio Measurement Ceil (IRMC) utilizes a molecular sieve and 
chemical getter to enrich the nonreactive gas content of a 
high-altitude atmospheric sample, enabling subsequent de- 
termination of the inert gas isotopic ratios. The movement of 
gases from one part of the system to another is determined by 
a series of electrically operated valves which are controlled 


by a microprocessor, the ‘'brain** of the instrument The entire 
instrument, as viewed in Fig. 1, has a volume of 10650 cm^ 
with the base bemg 31 X 36 cm and weighs approximately 1 1 
kg. Tbe instrument is packaged in two units on a single 
baseplate, one being the mass analyzer and the other being 
the elect- ^nics unit 

II. INSTRUMENT DESCRIPTION 

The large probe neutral mass spectrometer (LNMS) uses 
a single focussing magnetic sector field mass analyzer whose 
mass range extends from 1-208 amu, with resolution sufficiem 
to separate the mercurv isotopes, and a sensitivity sufficient 
to detect minor constituents in the 1 ppm range relative to the 
CO 2 in the Venus atmosphere. Figure 2 is a functional block 
diagram of the instrument showing the mass spectrometer, 
power supply and control circuits. 

After the Large Probe encounters the top of the atmosphere 
its protective heat shield is ejected and a parachute deployed. 
Pyrotechnic devices are activated, which break a hermetic 
cover over the inlet leaks. The inlet leaks are passivated tan- 
talum tubes Vs in. in diam-eter which have been forged into 
a flat plate configured leak with a leak rate on the order of 1 
X 10**'^ cm^/$. Ambient gases passing through these chemi- 
cally passive inlet leaks enter the ion source in a partially 
cuiiimatcd molecular beam. Ionization occurs by electron 
bombardment and mass analysis by a sector field magnetic 
analyzer. Ions following one of the two allowed trajectories 
through the magnet enter counting systems. The counting rate 
vs time, relative to a reference time (this determines mass 
number) is telemetered back to earth as a compressed data 
word at a rate of 40 btt$/$. At this data rate the entire mass 
spectrum is scanned in only 64 s by a highly efficient peak 
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FiC. 1 ITTD mass spectrometer for the Pioneer Venus Mission. The tall 
section on the ri^t houses the electronics. The low section on the left houses 
the mass analyzer. The white obfect in the foretpouml is a hermetic co* er 
which protrudes through the spacecraft %ralL Pyrotechnic devices break thb 
cover after the itotrus^ent entess the top of the atmosphere esposing the inlet 
leaks. 

stepping routine controlled by a microprocessor. Ionizing 
electron energy is stepped through three Icvek to provide 
spectral data on the energy dependent cracking patterns of 
gas samples to aid in the identification of unknown substances 
and the separation of parent peaks and fragmentary iens. At 
high altitude the teaks are open, but at about 43 km the sec* 
ondary leak is eliminated by closing valve 1. reducing the 
inflow of atmospheric gas as pressure increases. 

A. Pumping system 

An extremely good vacuum is maintained in the mass 
spectrometer ion source and mass analyzer by a set of three 
chemical getters (C in Fig. 2) and two ion pumps. One getter 
and pump is attached to the ion source region, another pair 
to the mass analyzer. The third getter in the IHMC is used for 
removal of reactive gases for the high-altitude sample. 

In order to maintain a constant pressure in the ion source 
cavity throughout descent getter 1 is located behind a variable 
conductance valve (VCV in Fig. 2) directly in line with the 
inlet tube on the opposite side of the ion source cavity. The 
VCV. initially closed with a conductance of 1 cm^/s, is 
pneumatically opened by increasing atmospheric pressure, 
thus increasing the conductance to the getter pump, as the 
atmospheric pressure increases during descent. This increased 
gas flow rate is balanced by the increased throughput to the 
pump resulting in a relatively constr.nt ion source pressure. 
With the VCV fully opened the getter has a pumping speed 
of nearly 2 liter /s and a capacity of several times that required 
to maintain pressure of <10** Ton in the icn source cavity. 


ORIGINAL PAGE IS 
OF POOR QUALITY 

Should the spacecraft survive impact on the Venus surface the 
getter has the capacity for one-half hour additional instrument 
operation. In addition to the getter, a 2 I/s ion pump (icn 
pump 2) is attached to the ion cavity. This pump is controlled 
by the microprocessor, but it is also activated whene\er the 
analyzer pump current exceeds a fixed threshold. 

The ion source cavity and mass anal>*zer section are sepa- 
rated by a very narrow ion focussing aperture \ pressure 
diffe^'ential ratio of up to TOO can be maintained across the 
aperture by ion pump 2 (2 1/s) and getter 2. The small size and 
weight 'onstraints of spacecraft operations required that 
special ion pumps be developed at LTD for the mass spec- 
trometer. 

Initial evacuation of the mass spectrometer vacuum en- 
velope and associated pumps was done by attaching the in- 
strument to a set of three vacuum manitolds, each connected 
to an ion pump having an 8- or 6Q-l/s pumping rate. The in- 
strument was attached to the manifold system through a set 
of five manual \*alves. An automatically temperature con- 
trolled oven w*as placed over the instrument and manifolds 
for bakeout. Chemical getters and the molecular sieve were 
activated by heating them to a temperature of 250'’C for 
several hours. 

B. IRMC system 

The Isotope Ratio Measurement Cell (IRMC) is a device 
for collecting a sample of the atmosphere at high altitude in 
order to concentrate its rare gas content for the purpose of 
determining the isotopic ratios of the rare gases. A combina- 



FKX 2 Block diaymi ol the UTD mm spectrotneter showing m» wlyzer . 
ioapumpi.gdteavilva. And electronics. Cl h szirooraumHduiiunumal]o> 
getter.^ G2 and C3 are zirconium-graphite getters.^ Ion pumps are UTD 
design. The VCV is pneumatically operated by the atmoq>herk gases which 
enter through the lower tube in the breakseal cap. 
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tion of molecular aevc iS — Fig. 2) and getter (getter 3. Fig. 
2) removes a very high percentage of the active gases leaving 
essentially the pure rare gas content along with some ni- 
trogea Leak 1 with a conductance of approximately 0.5 cm^/s 
allows gas to flow into S which has a volume of 30 cm^ anc is 
filled with 20 g of molecular sieve material Linde 5A. At the 
initiation of the mission, gas flows through the IRMC Inlet 
Leak into S. 

.\fter 80 s valve 2 is closed by a pyrotechnic device, when 
about 2000 Torr cm-^ of gas has passed through the kak. Valve 
3 is opened for the last 10s before valve 2 is closed transferring 
the partially purified gas into the getter {volume ^-30 crii'^) 
where final purging occurs. Assuming the mixing ratios of rare 
gases to be a few hundred ppm, 2 Torr of rare gases with 

about half as much nitrogen will be in the getter volume jit 
a pressure of approximately 0.08 Torr. At about 4 min before 
parachute jettison. t4S km) valve 1 is closed decreasing the 
atmosphere inflow rale, the ion source cavity pump is turned 
on to evacuate the ion source of atmospheric gases for 64 s. 
Then valve 4 is opened and the rare gases are leaked into the 
ion source casih'. The conductance of this leak is 0.025 cm^/s, 
maintaining a nearly constant rare gas pressure in the ion 
source throughout the rare gas measurement period of 96 s. 
Subsequent to the measurement period, valve 4 is closed while 
pump 1 purges the source cavity of rare gases for 32 s. Then 
operation reverts to the measurement of atmospheric sam- 
ples. 

C. Calibration system 

Calibration of the mass spectrometer is performed by using 
a Venus .\tmosphere Simulator (VAS). This consists of the 
vacuum manifold, pumps, and oven described above and a 
high-pressure high- temperature chamber capable of simu- 
lating he entire descent including Venus i^urface atmospheric 
conditioas (770 K and 100 atm). A 100-I/s ion pump is at- 
tached to the V'AS chamber along with an appropriate gas 
filling manifold and pressure and temperature gages. The 
mass analyzer inlet leaks protrude into the VAS chamber as 
though the> were sampling the Venus atmosphere. 

The V.\S is operated as follows. Carbon dioxide is admitted 
to the V.AS chamber following a pressure-temperature-time 
profile which simulates the descent of the Pioneer Venus large 
probe into the Venus atmosphere while the mass spectrometer 
monitors the CO 2 spectrum. Figure 3 is a typical plot of the 
CO 2 peaks versus VAS chamber pressure and temperature. 
Mixtures of CO 2 with other gases expected to exist in the 
Venus atmosphere have also been run on ^he VAS. 

IV. SUMMARY 

The hostile environment of the planet Venus coupled with 
the weight, power, and size constraints of space flight have 



Flo. i Detector current for mass 44(CO«} vs /AS chamber pressure and 
temperature The dashed line indicates the valving off of the second inlet 
leak. The detec\or current pulses are converted to digital counts by the 
multiplier preamps and postamps. Small \ 1 order of magnitude) change in 
COt peak amphtude v proportional to ion source pressure) for greater than 
three orders magnitude clange in VAS chamber pressure results from 
pnetunatic operation of ^’CV This preserves the ability of the instrument 
to measure trace constituents from entry into the atmosphere down to the 
surface of Venus. 

required the design and construction of a new and different 
mass spectrometer. A combination of ion and chemical 
pumping is used to maintain a va^-uum in the mass analyzer 
and remove the atmosphere '^ases which enter the ion source 
chamber through a sp. 1 J It '.k. The near constant CO 2 
pressure maintained in the analyzer by the VCV permits a 
sensitivity sufficient to detect minor constituents in the 1-ppm 
range on Venus over a mass range from 1-208 amu over most 
of the descent. The microprocessor which controls the oper- 
ation cf the instrument through a highly efficient peak 
stepping and data compression program, permits acquisition 
of a complete mass spectrum roughly once each minute, re- 
sulting in excellent height resolution of variations of atmo- 
sphere composition caused by winds, waves, and the physical 
and chemical processes active in the production of the acids 
which form the clouds of Venus. 
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Abstract neutral gas mass spectrometer was flown to Venus as part 
of the Pioneer Venus Muldp'-obc to measure the composition of its 
lower atmosphere. Encounter occurred on December 9, 1978. The 
instrument, mounted in the Sounder Probe, was activated after the 
probe entered the top of the atmosphere, and it obtained daU during 
the descent from 62 km to the surface. Atmospheric gases were 
sampled through a pair of microleaks, the effluent from which was 
pumped by a combination of ion and getter pumping. A pneuinati* 
cally operated valve, controlled by the ambient atmospheric pressure, 
maintained the ion source pressure at a nearly constant value during 
descent whfle the atmospheric pressure varied by 3 orders of magni- 
tude. This action preserved the more than 6-decade dynamic range of 
the instrument throughout the descent. A single focusing magnetic 
sector Held mass spectrometer with mass resolution sufflcient tj 
reasonably separate argon from C3H4 at 40 amu provided the mass 
analysis and relative abundance measurements. A microprocessor con- 
troUcd the operation of the mass spectrometer through a hi^ly effi- 
cient peak-top stepping routine and dau compression algorithm that 
effected a scan of the mass spectrum from 1 to 208 amu in 64 s while 
requiring an information rate of only 40 b/s to return the dau to earth. 
A subscale height altitude resolution was thus obtained. Weight, size, 
and power requirements were minimized to be consistent with inter- 
planetary flight constraints. 
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Introduction 
\ 

HE PIONEER VENUS Sounder Probe [1] carried to 
Venus, among other experiments, a neutral gas mass 
spectrometer experiment, the purpose of which was to study 
the composition of the lower atmosphere of the planet. On 
December 9, 1979, the probe entered the Venus atmosphere 
and descended slowly to its surface (part way on a parachute) 
producing data for nearly one hour below an altitude of 62 km. 
The instrument measured the composition of the gases relative 
to COj, the dominant gas, that it sampled from the atmo- 
sphere through a special leak. Mass range extended from 1 to 
208 amu with a sensitivity of the order of 1 ppm relative to 
CO^ . The interest in studying the atmospheric composition 
of Venus stems largely from the fact that there are marked 
differences in pressure, temperature and composition between 
the atmospheres of Venus and earth, yet these two planets 
are so similar in size, mass, and distance from the sun. The 
Venus surface pressure and temperature are 90 bars and 
730 K, respectively. [2] compared to I bar and 285 K (aver- 
age) on earth. It has been known for some time that CO 2 
is the dominant atmospheric constituent and that nitrogen is 
present to a relatively small percentage (<10 percent) [3]. It 
was also thought that sulfuric acid is a major contributor to 
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the ccmposition of the clouds [4] but was unclear just how 
the sulfur cycle, the transport of sulfur between the lower 
atmosphere and the cloud levels, operated. The contents of 
the noble gases had been estimated to be similar to that on 
earth [5]. 

A preliminary analysis of the flight data has shown that the 
abundance of nitrogen in the lower atmosphere is approxi- 
mately 3 J percent,^ Ar may be as much as a factor of 10 to 
15 less abundant than on eanh. and the isotopic ratio of argon 
is significantly altered. On earth primordial argon (^Ar) is 
only 0J4 percent (1 part in 300) or*®Ar, the radiogenic com- 
ponent, whereas on Venus it is 85 percent of the ^Ar. Even 
though the ^Ar is less abundant on Venus, the ^Ar is more 
than 15 times as large as on earth. This was quite an unex- 
pected result. The ratio of the primordial argon isotopes, 
^Ar/“Ar, is about the same as on earth. Isotopic composi- 
tion of carbon, nitrogen, and oxygen arc, within the limit of 
errors, also the same as on earth. 

It appears that sulfur does not exist in the cloud regions in 
the form COS, as was thought pre -Pioneer Venus [6], but 
most likely is found in the oxidized state, SO 2 . There exists a 
change in the sulfur form below 24 km where COS docs ap- 
pear. Further details on scientific results from the mass spec- 
trometer experiment can be found in [7] and (8). 

The purpose of this paper is to describe some of the unique 
features of the mass spectrometer instrumentation that was 
used for the Pioneer Venus mission. After a general discussion 
of the instrument, packaging and mounting in the probe, the 
atmosphere sampling system and pumping system will be 
described, followed by the mass analyzer and its operating 
charactenstics and finally the microprocessor that controls the 
operation of the entire instrument, and is thought to be the 
first such item to have been flown on a deep space probe. 

General Instrument Description 

The large probe neutral mass spectrometer (LNMS) con- 
sisted of a miniature magnetic sector-field mass analyzer, a gas 
inlet and pumpmg system, and an electronics package, all 
mounted on a common baseplate, 31 X 36 cm. Fig. 1 is ic- 
ture of the instrument. The taller section houses the elec- 
tronics while the lower section contains the mass spectrometer 
and pumping system. Volume of the package is 10.6 1 and 
weight is 11 kg. The mechanism in the foreground is the 
breakseal device, a hermetic cap, which covers the inlet leaks. 
The package was mounted so that the inlet and breakseal 
protruded through the wall of the spherical probe just below 
its equator. The gas leaks, which were thin metal tubes, 6 cm 
long, protruded from the flange past the aeroshell beyond the 
probe’s boundaiy layer into the free-streamirg atmospheric 
gases. In this way sampUng of the atmosphere should be free 
from contaminatio 1 vapors emitted from the probe’s 
surface. 

Shortly after the Sounder Probe encountered the top of the 
Venus atn!OSphere and its heat shield ejected by deployment 
of the parachute, the breakseal cap was activated by a pair of 
pyrotechnic devices exposing the inlet leaks to the atmo- 
sphere. Data were gathered from this point, at an altitude of 
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Fig. I. Mass spectrometer instrument package. Low section to left 
houses mass analyzer and pumps. High section on right contains elec- 
tronics. White cylinder in foreground of analyzer section is the break- 
seal which protrudes through probe wall and contains atmospheric 
sampUng leaks. Pytrotechnic devices (small cylinders on each side of 
cap) break open cap sfter probe enters atmosphere. 

62 km, to loss of signal at the surface. For the first 17 min the 
probe floated do^^*n on a parachute. After parachute jettison 
an additional 37 min elapsed before the probe reached the 
surface. Each scan of th^ mass spectrum (described below) 
required 64 s giving a total of 5 1 spectra from the flight. The 
average altitude decrement per spectral scan was 1 .2 km, some- 
what less than the CO 2 scale height. 

Atmosphere Sampling and Pumping System 

Atmospheric gases were sampled through a pair of micro- 
leaks [9], each consisting of a ^-in diameter passivated tan- 
talum tube whose outer end was forged to a flat plate con- 
figuration having a conductance of the order of 10’^ cm Vs 
for the primary leak and 10'* cmVs for the secondary leak. 
The secondary leak was operative from breakseal activation to 
shortly before parachute jettison at 46 km, a period of over 12 
min, during which time the atmospheric pressure was relatively 
low. Gases entering the leaks were passed into the instrum.ent 
ion source for analysis and on to a chemical getter (a 
zirconium- aluminum alloy). The gas pumping system has 
been described in (9). In order 10 maintain a relatively con- 
stant ion source pressure during descent, a variable conduc- 
tance gate valve, between the ion source and the getter, was 
opened gradually by the increasing atmospheric pressure. As 
the leak’s throughput increased, so too did the throughput to 
the getter. The purpose of maintaining a constant ion source 
pressure was to preserve the dynamic range (>6 decades) of 
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Fig. 2. Mass analyzer and pumps. Magnet is in lower right foreground. Inlet leaks attach to flange at far 
light Three cy^drical cans contain the getters. Analyzer ion pump is the rectangle in center foreground. 


the instrument while the atmosphere pressure changed by 3 
orders of magnitude. 

The mass analyzer was pumped by an ion getter pump and 
another chemical getter. The conductance to this pumping 
system from the ion source region was limited by the mass 
spectrometer object slit to about 5 cm^/s. This ion pump was 
the only sink for noble gases; its speed was conductance 
limited and hence constant through most of the descent to the 
Venus surface. Since the throughput of the leaks increased 
with increasing atmospheric pressure and the variable conduc- 
tance valve throughput also increased, the ratio of noble gases 
to CO 3 would be expected to increase as the probe descended, 
which indeed it did. The effect of the different gas flow paths 
and pumping speeds for the noble gases versus CO 2 was then 
to artificially enhance the signal amplitudes of the noble gas 
peaks in the mass spectra. Through calibration of the gas flow 
rates the mixing ratios of the noble gases were determined. 

From approximately 50 to 28 km the leaks were blocked 
[ 8 ] by an overcoating of cloud particle materials, presumably 
by droplets of sulfuric acid. During this lime the in-flow of 
atmospheric gases was stopped and mainly background or 
residual gases in the mass spectrometer were seen, except for 
SO 2 and HjO which appeared to originate from the blocking 
material. Below 30 km the primary leak reopened (the 
secondary leak had been valved off by this time), and the 
atmospheric gas flow returned to normal. 

Mass Spectrometer 

For analysis of the gases sampled from the Venusian atmo- 
sphere, a single focusing magnetic sector-field mass spectrom- 
eter was chosen. This instrument consisted of an electron 
bombardment ion source, a magnetic momentum analyzer 
an^* a detector system. Fig. 2 is a picture of the mass spec- 
tr neter and pumping systems. Normally, the ionization 
sc iree was an electron beam having an impact energy of 70 
cV. However, three limes during descent the electron energy 



MASS (amu) 

Fig. 3. Mass doublet at 16 amu. Peak right due to oxygen ions at 
15.9949 amu; peak at left is from CH 4 ions at 16.0313 amu. Mass 
difference is 1 part in 440. Valley between peaks is 9 percent of 0 
peak. 

was reduced to 30 and 22 cV for successive mass spectrum 
scans. Owing to the modifleation of cracking patterns pro- 
duced by electrons of reduced energy, additional information 
on the identification of parent molecules and the separation of 
doubly charged species was provided by these low energy 
spectra. Dual tungsten filaments were provided as a redundant 
ionization source. 

The ion beam emitted from the ion source was mass ana- 
lyzed by the magnetic momentum analyzer and detected by a 
pair of electron multiplier-counter channels which had band 
passes of 40 MHz. The two detector channels simultaneously 
accepted ions in the mass ranges 1-16 amu (low mass range) 
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TABLE 1 

PoRTiON OF A Flight Data Record Showing Mass Number Table 
Stored in Microprocessor and Instrument Output (Related 
TO Counting Rate) Called “Data" 



d«t« 

«au 

data 

aau 

data 

«su 

data { 

i 15.013 

7680 

39.972 

1696 

109.886 

0 

152.576 

0 

IS.Olt 

16896 

40.029 

10 

111.873 

1 

152.890 

0 

15.323 

:2528 

43.991 

176947: 

112.923 

0 

153.894 

0 

. 15.028 

22016 

44.991 

21504 

113.934 

1 

154.911 

1 

15.033 

12800 

45.302 

108 

114.904 

1 

155.887 

0 

! 15.»*5 

335872 

45.995 

7936 

115.921 

1 

157.876 

0 

1 1«.018 

40960 

47.000 

94 

116.436 

0 

158.890 

0 1 

, 18.031 

39936 

47.966 

10 

116.925 

0 

159.859 


1.008 

3520 

2.95C 

23 

117.449 

1 

160.899 

0 

, 17.002 

296 

3.000 

26 

117.978 

0 

9.050 

70 

. 17.028 

244 

3.050 

29 

118.449 

0 

10.000 

66 

17.985 

336 

48.974 

2 

118.892 

0 

10.050 

70 

' 18.010 

1088 

49.968 

3 

119.466 

0 

161.893 

0 

, 18.034 

•6 

50.969 

2 

119.981 

0 

162.424 

0 1 

' 18.987 

34 

51.980 

0 

120.925 

0 

162.959 

0 i 

18.998 

IB 

54.004 

0 

121.985 

0 

163.438 

1 

1 19.307 

5 

59.966 

1 

122.894 

0 

163.919 


i 19.981 

480 

60.968 

0 

123.920 

1 

164.342 

0 ! 

' 19.992 

384 

61.977 

0 

124.893 

0 

164.464 

0 t 

i 20.008 

112 

62.994 

1 

126.922 

2 

165.441 

0 ; 

i 20.015 

30 

63.962 

5 

127.906 

0 

165. ::4 

0 1 

i 20.993 

10 

3.800 

1 : 

128.905 

29 

166.430 

° i 

j 21.991 

45056 

3.950 

13312 

129.921 

5 

166.929 

0 

21.995 

47104 

4.000 

34816 

130.914 

23 

167.180 

0 

j 22.496 

560 

4.050 

32256 

131.922 

48 

167.432 

0 : 

! 28.002 

112 

64.960 

3 

133.905 

440 

167.937 


' 28.014 

122 

65.961 

23 

134.471 

14 

168.892 

0 1 

I 27.010 

192 

66.963 

280 

134.960 

26 

170.901 

® 1 

' 27.023 

124 

67.964 

6272 

135.453 

102 

177.934 

0 1 

! 27.988 

507904 

69.971 

1 

135.742 

3456 

10.950 

76 ‘ 

' 27.995 

606208 1 

71.973 

1 

135.824 

7808 

11.900 

96 

28.000 

655360 

74.927 

0 

135.907 

9728 

11.050 

78 

. 28.005 

671744 i 

77.040 

2 

13S.990 

8192 

176.934 

1 

> 28.012 

499712 

77.916 

1 

136.073 

5248 

179.367 

0 

i 21.032 

122880 

78.053 

16 

136.448 

140 

179.874 

0 

1 28.997 

6656 : 

78.924 
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and amu (high mass range). Mass resolution in the 

high ma.., cnannel was M/IM ^ 440 (10 percent valley) as 
evidence • the doublet at mass 16 shown in Fig. 3. The 
peaks show •. are from ^*0 and CH 4 , which have a mass differ- 
ence of 1 Dart in 440. Resolution of the low mass channel is 
adequate to produce a valley of less than 1 percent between 
peaks at 15 anc" 16 amu. 

The high bandwidth of the counter system, utilizing Be-Cu 
16 stage discrete dynode electron multipliers, produced a 
dynamic range of over 6 decades. The CO 2 peak reached a 
counting rate of 9 MHz in flight. The background count 
accumulation was typically zero per integration period of 
235 ms. 

Scanning of the mass spectrum occurred by stepping the ion 
acceleration high voltage to successive peak tops under the 
control of a microprocessor. The complete spectrum, consist- 
ing of 236 mass peak positions, was scanned at the rate of 4 
samples per second in 59 s. Five seconds were then required 
for background samples and for returning the peak stepping 
program. The latter was accomplished by the introduction of 
two calibration gases, methane and *^Xc, into the mass spec- 
trometer just prior to the measurement sequence. Mass peaks 
produced by the calibration gases at 15 (CHa^), 68 (*^*Xe^^), 
and 136 (‘^Xe^) amu provided reference points that the 



Fig. 4. Block diagram showing mass analyzer, ion pumps, getter, valves 
and electronics units. Gl is a zirconium-aluminum getter. G2 and G3 
are zirconium -graphite getters. Ion pumps are UTD design. VCV is 
operated by ambient atmospheric pressure. 

microprocessor could utilize to control the ion acceleration 
voltage. A lookup table of nouns stored in the microprocessor 
defmed positions in the mass spectrum of a preselected set of 
mass peaks, which includea several sequential positions around 
key mass numbers, such as 15, 28, 40, and 136 amu and mass 
defect positions for all known gas species to be measured. At 
several mass numbers two or more peak positions were set, 
e.g., at 16 (0 and CH 4 ), 32 (0^ and S) and 34 ( and H^S). 

The microprocessor scanning this table directed the instru- 
ment to measure the amplitudes only of the preselected mass 
peaks. Table I is a sample of the noun table and corresponding 
count record from the flight data just prior to the leak block- 
age. This procedure served to eliminate the time associated 
with the normal method of analog scan, sweeping from one 
mass number to the next. At an accumulation rate of 4 
samples per second, the entire spectrum from 1 to 208 amu 
was stepped through in 59 s which required a data transmis- 
sion bit-rate of only 40 b/s plus housekeeping and a status 
word. Ten bit words in the base 2 floating point format were 
used. This method gave 2-percent accuracy over the entire 
dynamic range of the counting system. 

Control of the instrument during checkout and cruise phases 
of the mission was through a 16-bit quantitative command, 
which controlled primarily the sweep mode, electron energy, 
electron multiplier gain and selected the prime filament. How- 
ever, during descent, major events concerning the instrument, 
such as breakseal cap eject and Isotope Ratio Measurement 
Cell (IRMC) sequence (see below) were commanded by the 
probe event sequencer, while the operation of the instrument 
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itself was controlled entirely by the microprocessor. Had the 
prime filament failed during flight, the redundant filament 
would have automatically been activated. 

Fig. 4 is a block diagram of the electronics and mass analyzer 
showing the major components of each subsection. The pre- 
amplifiers and first 4 stages of the pulse counter are packaged 
adjacent to the electron multipliers to minimize cable lengths 
and capacitance. 

IRMC Sequence 

A noble gas enrichment cell, the IRMC, was included in the 
instrument package to collect an atmospheric sample just after 
initiation of the instrument operation, purge the sample of 
CO 2 and later (just before parachute jettison) introduce the 
sample into the mass spectrometer for measurement of the 
isotopic ratios of the enriched inert gases remaining in the cell. 

Calibration 

Calibration of the flight instrument was performed using a 
high pressure, high temperature chamber, called the Venus 
Atmosphere Simulator (VAS) capable of reproducing the 
Venus descent profile of temperature and pressure down to 
the surface conditions (730 K and 90 Atm). The VAS cham- 
ber is attached to a 100 1/s ion pump and an appropriate gas 
filling manifold with pressure and temperature gauges. The in- 
strument inlet leaks protrude into the VAS chamber to sample 
its gases, simulating the sampling of the Venus atmosphere. 

Operation of the VAS involves admitting mixtures of gases, 
usually in CO 2 , into the high pressure chamber in a stepwise 
manner following a model atmosphere profile while recording 
the mass spectrometer output signals as a function of input 
conditions. A minicomputer reads the output signals through 
the ground support equipment which simulates the Probe sys- 
tems, expands the compressed data words and displays the re- 
sults either as a line printer output, or graphically. 

A typical CO 2 response curve can be found in [9] where the 
CO 2 signal strength is plotted as a function of VAS chamber 
pressure and temperature. The descent CO^ profile from 
Venus rather closely (within a factor of 2) follows this profile, 
except of course where the leak blockage occurred. 

Conclusion 

Studies of the atmosphere of Venus with its rather hostile 
environmental conditions of very high pressure and tempera- 
ture and clouds comprised of acids and perhaps free sulfur par- 
ticles coupled with the weight, power, size, and data transmis- 
sion constraints of interplanetary flight have required the design 
and development of a unique mass spectrometer experiment. 


Sampling of the atmosphere occurred through a pair of micro- 
leaks; pumping of the effluent gases was accomplished by a 
combination of ion and chemical pumps and a special pneu- 
matically operated valve which maintained a nearly constant 
ion source pressure during descent. The mass spectrometer op- 
eration was controlled by a microprocessor which scanned the 
mass spectrum from I to 208 amu in approximately 1 min by 
a highly efficient peak-top stepping routine resulting in subscale 
height resolution of the variations in atmospheric composition. 
The instrument operated from 62 km to impact on the surface 
of Venus producing 5 1 mass spectra of the Venus atmosphere 
from which information on the abundance of noble gases, sul- 
fur compounds, and isotopic ratios of several gases are being 
obtained. Scientific results may be found in the referenced 
papers [l]-(9]. 
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From the Pioneer Venus, as well as the Venera 1 1 and 12 spacecrafts, data on the chemical compo$i> 
tion of the Venus atmosphere from about 700 lun to the surface were obtained. In general, reasonable 
consistency can be found among the results from the seven gas analyzers that encountered Venus in De- 
cember 1978. One of the more significant findings is the large excess abundance of primordial gases on 
Venus. The abundances below 30 km must be very small, since none of the instruments detected O 2 
there. In and near the clouds the O 2 mixing ratio may be as much as a few tens of parts per million. The 
CO mixing ratio is 20-30 ppm. The existence of COS, originally reported to be a major sulfur compound 
in the lowest part of the atmosphere, is doubtful there, and its mixing ratio at higher altitudes does not 
exceed a few parts per million. On the other hand. SOj may exist below the clouds at a mixing ratio of 
the order of 100 ppm. In the clouds it is less than 10 ppm. A serious discrepancy in the data still exists for 
the case of the water vapor abundance. As a result of the cross-checks provided by the number and types 
of instruments flown to Venus, confidence in the validity of these results on its atmospheric composition 
has progressed to a reasonable degree of certitude. 
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Introduction 

In December 1978 no less than seven gas analyzers made in 
situ measurements of the Venus atmospheric chemical com- 
position. Three mass spectrometers and two gas chromato- 
graphs sampled the lower atmosphere (here defined as the al- 
titude range from 0- to 65-km altitude), and two mass 
spectrometers sampled the upper atmosphere above 130 km. 
Table I lists the experiments and their associated mis.sions and 
gives a major reference for each. 

As descri’oed in much more detail in the referenced pub- 
lications of Table I, this unique complement of highly sophis- 
ticated instrumentation has provided us with a great wealth of 
information concerning the composition of the atmosphere of 
Venus. In this paper we present a critical assessment of the 
general constraints for measurements of the Venus atmo- 
spheric composition imposed by the atmosphere itself and by 
the Pioneer Venus mission, the approaches taken to improve 
the confidence in the data obtained, a critical examination of 
the current results, and finally some recommendations for fu- 
ture planetary atmosphere or cometary missions. 

GEN£r?\L Constraints on Measurements 
OF THE Venus Atmosphere 

The study of the composition of a planetary atmosphere a 
quarter of an astronomical unit away from earth necessarily 
imposes constraints on the system employed for the measure- 
ments, and when the atmosphere itself is as hostile as that of 
Venus, the task becomes a double challenge. The constraints 
imposed upon this mission may be considered to be of two 
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general types: those associated with the severe environment of 
the Venus atmosphere and those imposed by the practicality 
of sending a mission to another planet in the solar system to 
obtain measurements of its atmospheric composition. 

The Venus experiments succeeded in producing data on the 
composition of the atmosphere from the order of 700 km 
above its surface down to the surface itself. Over this altitude 
range a pressure increase of over 17 decades was encountered. 
The bus and the orbiter mass spectrometers (BNMS and 
ONMS) covered the upper range down to appro.ximately 130 
km. The sounder probe mass spectrometer (LNMS) and gas 
chromatograph (LGC) and the Venera instruments (VNMS 
and VGC) covered the range from 65 km to the surface. The 
intermediate range from 130 to 65 km has not been measured 
to date. 

In the lower atmosphere the pressure range which the in- 
struments sampled varied from 0.1 bar to nearly 100 bars, 
while in the upper atmosphere the pressure range encountered 
was some 10 decades. Sampling of the upper atmosphere was 
direct in that the atmospheric gases were allowed direct entry 
into the mass spectrometer ion source, whereas for the mass 
spectrometers in the lower atmosphere a pressure- reducing 
device (a leak) had to be employed to lower the atmospheric 
pressure some 8-10 orders of magnitude to the range of pres- 
sures at which mass spectrometers operate (10~^-10~^ mbar). 
At the same time, alteration of the chemical composition of 
the sampled gas stream as it passed through the leak had to be 
kept to an absolute minimum. The gas chromatographs, how- 
ever, were able to sample the atmosphere directly. In the case 
of the LGC the atmospheric gases continuously fiowed 
through a sample loop assembly except during the time (10 s) 
when the atmosphere was sampled by diverting the flow of the 
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TABLE 1. Pioneer Venus and Venera II and 12 Gas Analyzers 



LNMS 

LGC 

VNMS 

VGC 

BNMS 

ONMS 

Instrument 

mass 

gas 

mass 

gas 

mass 

mass 

type 

spectrometer 

chromatograph 

spectrometersf 

chromatograph 

spectrometer 

spectrometer 

Mission/ 

NASA 

NASA 

USSR 

USSR 

NASA 

NASA 

spacecrafi 

Pioneer Venus/ 

Pioneer Venus/ 

Venera 1 1 and 

Venera 12/ 

Pioneer Venus/ 

Pioneer Venus/ 

bounder probe 

sounder probe 

12/landers 

lander 

multiprobe bus 

orbiier 

Sampling* 

LA 

LA 

LA 

LA 

UA 

UA 

Altitude range, 
km 

Reference 

(MO 

22-52 

2-23 

0-42 

> 130 

> 145 

Hoffman et ai. 

Oyama et ai. 

Istomin et al. 

German et ai 

von Zahn et ai. 

.Wiemann et ai. 


[this issue] 

[this issue] 

[19791 

[1979] 

[this issue] 

[this issue] 


*LA is lower atmosphere, and UA is upper atmosphere. 

fEach of the two landers carried one mass spectrometer. The results of the two instruments are identical [Istomin et ai, 1979). 


carrier gas, helium, to empty the consents of the sample loop 
into the chromatographic column. During acquisition of sam- 
ples I and 2 the sample flow path was heated a few degrees 
above the ambient atmospheric temperature. This procedure 
reduced wall absoiption effects to a minimum. All of the 
lower atmosphere instruments also encountered a temperature 
range of approximately 250-740 K. The upper atmosphere 
temperatures were about a factor of 2 lower, down to 120 K. 

To accomplish the sampling of the lower atmosphere, the 
LNMS employed a pair of small passivated microleaks [Hoff- 
man et ai, 1919a]. The effluent from the leaks had to be re- 
moved from the mass spectrometer as rapidly as it entered in 
order to minimize contamination from previously measured 
samples and to prevent a pressure buildup in the instrument. 
A chemical getter pump was chosen as the main pump of the 
ion source of the mass spectrometer, and a combination of a 
chemical getter pump and sputter ion pump maintained a vac- 
uum in the mass analyzer section of the instrument. The main 
chemical getter pump was isolated from the ion source by a 
variable conductance value which was opened by the increas- 
ing atmospheric pressure, thus increasing the cfifcctive pump- 
ing speed of the getter as the leak throughput increased. This 
value action proved to maintain a nearly constant ion source 
pressure of gettered gases, like CO 2 , while the atmospheric 
pressure varied over 3 decades. 

Besides being able to remove efficiently the effluent from 
the microleaks, these pumps were required to maintain a very 
clean vacuum in the mass spectrometer from the time that it 
was assembled in the laboratory and calibrated to the time 
that it arrived at the Venus atmosphere and actually per- 
formed the measurements for which it was designed. One of 
the major problems encountered was that because all of the 
gases which entered the vacuum envelope of the instrument 
had to be pumped out by the internal pumps, leakage of 
earth's atmospheric gases, particularly argon, into the system 
proved to be troublesome. The getter pumps do not pump ar- 
gon, and ion pumps are fanly inefficient in pumping all of the 
noble gases. The time from final pumping of the instrument in 
the laboratory on a specially constructed vacuum manifold 
system until the instrument encountered Venus was approxi- 
mately 9 months. Even leaks of the order of 10”'* STP cc/?, 
which are very difficult to detect, proved to be larje enough to 
permit a smaU accumulation of argon in the instrument prior 
to its encounter with Venus. When an ion pump which has 
previously pumped noble gases is exposed to active gases, 
such as CO 2 , during the descent into the Venus atmosphere, 
the pump may regurgitate some of the noble gases back into 
the vacuum system to which it is attached. Thus a small back- 


ground of ^Ar remained in the instrument when it began its 
measurements in the Venus atmosphere. 

Another problem with the accumulation of noble gases oc- 
curred because the sounder probe was backfilled with a mix- 
ture of nitrogen and \% helium at the time it was finally as- 
sembled at Cape Canaveral prior to the launch. The purpose 
of the helium was to aid in detecting leaks in the spacecraft 
through which the probe atmosphere could be lost to space 
d iring the cruise phase of the mission. However, sub- 
microscopic leaks in the mass spectrometer analyzer and the 
permeation of helium through the glass feedthroughs caused 
an accumulation of helium in the instrument during the 5- 
month period in which it was bathed in the probe atmosphere. 
The background of helium has caused some uncertainty in the 
measurement of Venusian "*He. 

Although the gas chromatograph did not suffer the back- 
ground problems of the mass spectrometer, because it docs 
not have a self-contained vacuum system, it did require a pre- 
entry treatment to saturate some active sites in its columns for 
O 2 and SO 2 before parts per million amounts of these gases 
could be detected. To satisfy inis condition, a mixture of these 
gases at 1% in helium was injected through these columns 
prior to entry, and the excesses were thoroughly flushed out 
with pure helium. 

The gas chromatograph was designed to be operated in the 
probe environment at a pressure of approximate* !v l bar. .As a 
safety precaution, to provide a minimum of 1-b pressure in- 
side the probe to insure safe high-voltage power supply opera- 
tion in the LNMS in case the original gases sealed in the 
probe prior to launch had leaked out during the cruise phase, 
a small high-pressure nitrogen bottle was installed in the 
probe. Its gas was released into the probe's interior just prior 
to entry into the Venus atmosphere. During flight there was 
no perceptible leakage from the probe resulting in its Interior 
pressure becoming nearly 1.3 bars at entry and increasing 
slowly during descent to 1.8 bars. Because the regulator con- 
trolling the head pressure of the LGC was referenced to the 
probe internal pressure, a larger mass flow occurred than was 
planned, resulting in shortened retention times for all gases. 
The consequences of this will be discussed later. 

In addition to the extreme ranges of temperature and pres- 
sure encountered during descent, a multitude of highly reac- 
tive chemical species exist in the Venus atmosphere. In the 
upper atmosphere, considerable amounts of O and N gave rise 
to general background, interference, and memory effects in 
the mass spectrometers. These were difficult to control be- 
cause of the very limited lime and power available to bring 
the instrument surfaces to chemical and thermal equilibrium 
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with the gas sampled. In the lower atmosphere the cloud re- 
gion is composed of droplets of sulfuric acid, and a uumber of 
sulfur- bearing compounds were detected, as has been reported 
earlier [Hoffman et al.. I979h], As the sounder probe passed 
through the middle cloud region, the inlet leaks of the LNMS 
were overcoated with a substance which blocked the flow of 
ambient gases into the instrument. It is believed that this sub- 
stance consisted of droplets of sulfuric acid from the clouds. 
The leaks remained closed until the probe descended some 20 
km below the cloud level, at which time the flow of atmo- 
spheric gases was restored to normal [Hoffman et ai, I979h, 
1980, this issue). The gas chromatograph, on the other hand, 
had no problems with sample flows, primarily because all flow 
paths had a minimum diameter of 1 mm, which was probably 
an order of magnitude or more larger than the diameter of the 
largest cloud droplet. 

The major constraint imposed on the measurement se- 
quences in the Venus atmosphere by the mission profile itself 
was the quite limited time available in which to actually make 
the measurements. Because of the unknowns and complexities 
of the mass spectra encountered it would have been desirable 
to apply all technically available means to uniquely determine 
the chemical identity and abundance of the atmospheric con- 
stituents. Mass scanning with different energies of the ionizing 
electrons, full range scans of the mass spectra, enrichment of 
noble gases for increased sensitivity, and application of the 
flythrough mode in the upper aimosphre are all examples of 
techniques which enhance the detection capabilities of the gas 
analyzers. The limited time of descent through the Venus at- 
mosphere, however, made it unfeasible to use the full range of 
options available, as this would have introduced shortcomings 
in the altitude resolution and raised questions about stability 
of the instrument performance in all its operational modes. 
This time constraint was most severe in the case of the BN MS 
instrument, which traversed in only 44 s the altitude region 
between the exobase, at 200 km, down to 130 km, a range that 
contains eight pressure scale heights. Therefore the BNMS 
did not use vanable electron energies in the ion source, nor 
did it sample continuous mass spectra in this altitude region. 
Of course, for the ON MS, because of the extended length of 
the orbital mission, many analyses of the upper atmosphere 
were possible, and the mission did not impose constraints on 
the time of analysis. 

In the lower atmosphere the instruments could not operate 
until af\er parachute deployment and heat shield ejection, 
which occurred at approximately 65-km altitude. From there 
the time it took the probe to reach the surface was approxi- 
r lately 54 min. During this time the mass spectrometer ac- 
complished 46 scans of the mass spectrum, and the gas chro- 
matograph collected three atmospheric samples at 52-, 42-, 
and 22-km altitude and made a complete analysis of each. 
Since the time of descent of the sounder probe was less than 1 
hour and the round trip communication time from earth to 
Venus occupied 10% of this time, no real-time commands to 
the instruments were planned during the descent phase of the 
mission. Therefore each instrument had to be controlled by 
the sequencer of the probe and by logic systems, such as mi- 
croprocessors. In general, the operation of the various in- 
struments was not limited by data rate considerations, but 
more by the constraints of time for each analysis and in- 
tegration times necessary to obtain the measurements of the 
composition of the atmosphere at the desired sensitivity and 
altitude resolution. 


The LGC was constrained by the high temperatures that 
were encountered in the lower atmosphere, because the 
elastomeric seals in the miniature solenoid valves were limited 
to sealing at temperatures below 180®C. Thus only three sam- 
ples could safely be acquired during the descent phase, since 
the last valve movement was constrained to the above temper- 
ature. The time required for each analysis was approximately 

10 mm, and the power limitation to heat columns further re- 
duced the suite of molecules that could be measured. 

The LGC relied on retention time data for identification of 
the gases of interest. This procedure was deemed valid be- 
cause of the limited number of stable gases in the low-mass 
range, thus providing confidence in the retention data. Added 
assurance was provided by the use of reference gases (internal 
standards) that were released to the third sample. These were 
Freon 14 and 22, which provided discrete markers in the chro- 
matograms from which relative retention times could be cal- 
culated from the absolute retention times measured for these 
peaks. 

The high entry speed of the BNMS ( 1 1.6 km/s) into the up- 
per atmosphere poses the problem of potential dissociation of 
molecules upon impact with the open ion source of the in- 
strument because a CO 2 molecule for example, encounters 
the BNMS with 31 cV of kinetic energy. Therefore below 200- 
km altitude this instrument spent 25% of its scarce measure- 
ment lime in the flythrough mode of the ion source which per- 
mitted measurement of only those atmospheric constituents 
that reach the ion detector without prior wall collisions. 

Naturally, there were weight and power limitations im- 
posed by the mission. Typically, 10 kg and 10 W are required 
for each insirumcut of this type, except that in some cases ad- 
ditional power was available for heaters. Since the probes 
were required to enter the atmosphere and therefore pass 
through a high-g entry deceleration, the trajectory profiles re- 
quired that the instrument be designed to survive a 450-g ac- 
celeration test. 

While the constraints discussed above imposed by the at- 
mosphere of Venus and those necessarily associated with a 
mission of this kind proved in some cases to be design drivers 
of the instruments, none were so severe that they precluded 
the measurements of the Venus atmosphere itself. As will be 
seen below, interesting and unexpected data have been ob- 
tained on the composition of the Venus atmosphere, and the 
i.greements between the data obtained from the several in- 
struments that have been flown to the Venus atmosphere are 
reasonably good. 

Confidence Builders for the Validity of the 

ATMOSPHERIC COMPOSITION DATA 

In order to increase the confidence in the validity of the re- 
sults obtained on the composition of the atmosphere of Venus 

11 number of different instruments were designed into the pay- 
loads that flew to Venus in December 1978, In both the Pio- 
neer Venus and the Venera missions the primary composition 
instruments were mass spectrometers and gas chromato- 
graphs. In addition, the Pioaeer Venus UV spectrometer and 
Venera spectrophotometer have also provided certain compo- 
sition results. 

For the upper atmosphere composition measurements, re- 
dundancy was realized by including both the multiprobe bus 
and the orbiter mass spectrometers (BNMS and ONMS) in 
the Pioneer Venus mission. Inclusion of the BNMS in- 
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strument on the multiprobe bus permitted extensiou of the 
range of density *neasureraents with respect to the orbiter ca- 
pabilities toward higher densities by 3-4 scale heights into the 
important region of the homopause. In contrast to the lower 
atmosphere mass spectrometers, wfaich measured mixing ra- 
tios, the two upper atmosphere mass spectrometers yielded 
absolute number densities of the atmospheric constituents. By 
the summation of ail partial mass densities, absolute total 
mass densities were calculated. These total density figures in 
turn were compared with the density results obtained from the 
observation of drag effects experienced by the Pioneer Venus 
orbiter in the upper atmosphere [Keating et ai, this issue]. At 
the time of this writing, it can be concluded Chat the BNMS- 
and drag-derived total densities are in excellent agreement, 
whereas the densities measured by the ONMS are approxi- 
mately a factor of 1.5 lower [Niemann et al, this issue]. Pos- 
sible sources for this slight disagreement could be uncer- 
tainties in the effective drag coefficient of the orbiter, minor 
errors in the trajectories used (note that in the dayside ther- 
mosphere of Venus a change of COj density by a factor of 1.5 
occurs over an altitude interval of only 2 km), uncertainties in 
the reduction of densities measured in the spectrometer ion 
sources to ambient densities, temporal and spatial variations 
in the state of the upper atmosphere, some unaccounted for 
changes of absolute instrument sensitivities with respect to 
iheir laboratory calibrations, or a combination of these poten- 
tial error sources. 

The densities in the lower atmosphere were detennined 
from the LGC data by summing all the components measured 
within its fixed sample volume at known temperature, and 
these compare very favorably with the results obtained from 
the atmospheric structure experiment (LAS) by Seiff et al 
[1979]. 

Important as confidence builders for upper atmospheric 
composition measurements are tests for thermal equilibrium 
between the various constituents. In their simplest form, these 
tests start with the assumption of (1) a molecular diffusion co- 
efficient D much larger than the eddy coefficient K and (2) 
zero vertical bulk motions. Under these circumstances the 
measured scale height of any one constituent ought to be in- 
versely proportional to its molecular mass M, In the Venus at- 
mosphere one would expect that these scale heights would be 
constant above 180-km altitude at any given location, because 
the exospheric temperature reaches a plateau at that altitude. 

For the composition measurements of the lower atmosphere 
both a mass spectrometer and a gas chromatograph were used 
to obtain some redundancy in the data for those chemical spe- 
cies which both instruments could measure directly, such as 
the noble gases and some sulfur compounds, and also to ex- 
tend the range of measurements beyond the capabilities of 
each instrument. For example, because the dominant gas of 
the Venus atmosphere is CO3, the mass spectrometer produces 
by dissociative ionization of CO: a very large peak in the mass 
spectnim due to CO ions. This precludes a measurement of 
trace amounts of ambient CO by the mass spectrometer and 
makes the measurement of nitrogen difficult. On the other 
hand, the mass spectrometer is ideally suited for the measure- 
ment of isotopic ratios of different elements such as carbon, 
oxygen, nitrogen, argon, neon, and helium. The LGC had the 
capability of measuring Ne, A , Kr, N3, 0;, CO, CH4« SO2* 
H:S, H:0, COS, and CO3 dLectly without fragmentation. 
However, at the lower altitude, where the large amount of ni- 
trogen in the atmosphere interfered with the measurement of 


oxygen, trace amounts of oxygen were not measurable. Al- 
though theoretically capable, the LGC was not designed to 
measure isotopic ratios. SpecificaFy. it was designed to pro- 
duce results on chemically distinct species, whereas the mass 
spectrometer has the capability of observing a broad range of 
masses, in this particular case, from hydrogen through lead. 
Thus these two instruments were complementary in the data 
they produced on the composition of the Venus atmosphere. 

Certain redundancies in the data from the mass spectrome- 
ter have been used to help identify different constituents of 
the atmosphere and 10 increase confidence in the abundance 
ratios that have been determined for these substances. Alti- 
tude profiles in the region of the atmosphere below where the 
leaks reopened, that is, below 28 km, of gettered and non- 
gettered gases, because of the different pumping paths in the 
mass spectrometer for these substances, place limits on the de- 
termination of which gases are ambient in the Venus atmo- 
sphere. The altitude profiles of ambient Venus gases must lie 
between these limits (see Hoffman et al, this issue. Figure Ij. 
CO2 is a gettered gas, and it has a rather steep profile; ^r is a 
nongettered gas, and its profile is somewhat flatter. Any sub- 
stance with a steeper profile than CO2 that has a constant mix- 
ing ratio in the Venus atmosphere must originate at least in 
part within the instrument. The COS profile below 20 km is 
an example of this. 

The mass spectrometer ion source has the capability of 
forming ions by impacting neutral gas molecules with elec- 
trons of three different energies. The normal electron energy is 
70 eV, which produces a significant number of multicharged 
ion species, as well as dissociatively ionized substances. Use of 
the other two ep'*rgics, 30 and 22 eV, tend, to eliminate the 
doubly charged species from the spectrum and minimizes 
or at least alters the fractionation patterns produced from a 
given parent substance. From tne data taken at the low elec- 
tron energies the confidence level in the chemical identifica- 
tion of parent molecules is improved. An example of this is 
the mass 3 peak, which consists of ions of the HD molecule, 
the ^He atom, and the H3 molecule, the last being formed in 
the ion source. Through the use of the low-energy spectra and 
the subtraction of the other substances that form peaks at 
mass 3. it was determined that there is no evidence for the ex- 
istence of ^He, at least to a limit of 3 x lO"** of ^Hc in the 
Venus atmosphere. Fractionation patterns were also useful in 
identifying SO: and H:S molecules. In the case of SO; the 
fragment SO at mass 48 tracked the 64 parent SO: peak very 
closely and aided ir its identification over that of S:, which is 
also mass 64 but would not produce a 48 peak. The HS peak 
at mass 33 also followed very closely the profile of the mass 34 
peak, indicating that 34 indeed was due to H:S and not the 
isotope, since ^ would not produce a peak at mass 33 amu. 

Doubly charged peaks in the mass spectrum were also use- 
ful in determining isotopic ratios. For instance, from the mass 
22 and 22.5 peaks, as well as from the mass 44 and 45 peaks, 
the isotopic ratio was determined. A mass 19 peak 

was produced by ”Ar^^, and the ratio of this to ”Ar* aided in 
determining the correction required for ^Ar'^'^ to the peak at 
mass 20. The residual mass 20 peak was due to ^e after a 
small correction for H2"'0. 

From these examples it is quite clear that through the use of 
fractionation pattern peaks and doubly charged peaks the re- 
dundancy exhibited in the mass spectrum is useful in giving 
confidence to the proper identification of parent molecules 
existing in the Venus atmosphere. 
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TABLE 2. Venus Lower Atmosphere Mixing Ratios 



LNMS 

LGCt 

VNMS 

VGC 

BNMS 

^Hc 





\21l* 

’He/He 

O.IO-* 





-®Ne 

9.20. 

4.3 ± 0.7 

i:±3 



“Ne/®Ne 

0.07 ± 0.02 





Total Ar 

70l5g* 

67.2 ± 2.3 

115 ±20 

50 ± 10 

<30 

^Ar 

30ifg 


(42 ± 2)% 


<9 

^Ar 



(50 ± 2)% 


<20 

^Ar/’^'Af 

1.03 ± 0.04 


(1.19)* 



^*Ar/^^Ar 

0.18 ±0.02 


(0.19)t 



“Kr 

<0.2 

<2 

0.4 ± 0.2 



N2 (in %) 

4±2 


4.5 ±0.5 

2.5 ±0.3 


52 km 


4.60 ±0.14 




^2 km 


3.54 ± 0.0 1 




22 km 


3.41 ±0.01 




Oj 




<20 


52 km 

<30 

43 ±25 




42 km 


16 ±8 




22 km 

<30 





CO 




28 ±7 


22 km 


20 ±0.4 




12 km 




7±(4) 


COS 






22 km 

<3 

<2 





LNMS 

LGC 

VSP§ 

VGC 

OUVSg 

SO2 






70 km 





O.l 

j2km 

<10 

<600 




22 am 

<300 

185 ±43 


130 ±35 


H,0 






.52 km 

<1000 

<600 

200 



4*. km 


5200 ± 80 

150 



22 km 


1350 ±20 

60 



0km 



20 




Mixmg ratios are given as pans per million, except those for N2, which are given as percent. Where 
altitude is unspecified, it is not given in the original paper, for LNMS it is the average value from 25 lun 
to the surface. 

•Deduced from ratio to ^^Ar. 

tLGC dau a: 22 km unless otherwise specified. For intercomparisou the error bars are la* except those 
for O2, which are 3o. 

^Result denved in this paper, not in referenced u^ork. 

§Venera spectrophotometer {Moroz et al., 1979). 

^Orbiter ultraviolet spectrometer [Stewart et ai, 1979). 


The mass spectrometer flown on the sounder probe had the 
mass resolution capability of separating some doublet mass 
peaks at various mass numbers. For example* at mass 16* CH4 
and O have a mass difference of I part in 440. The instrument 
had suflicient resolution capability to separate these two pea’ 
with a valley of 10% between the peaks if they had equivalent 
amplitudes. This high** resolution capability was a powerful 
tool in separating overlapping mass peaks at a given mass 
number. Besides the example given at mass 16 for methane 
and atomic oxygen, at mass 19 the ^"Ar doubly charged peak 
was separated from the peak. At mass 30 the peak 
was clearly identified from the C”0 and NO peaks. At mass 
32* while the sulfur and 0^ peaks were not completely sepa- 
rated, the peak position gave a weighting to one or the other 
of these constituents and helped in the determination that mo- 
lecular oxygen does not seem to exist to a measurable degree 
in the Venus atmosphere. 

To increase the confidence in the data returned from the 
BNMS* this instrument contained a system for an in-flight 
calibration of the absolute instnimem sensitivity for helium* 
which is measured by the low-mass channel (1-8 arou). This 
calibration was successfully performed 2 days before the in- 


strument encounter with Venus [von Zahn et ai, this issue]. 
The gain of the high-mass electron multiplier* which counted 
ions with masses at or above 12 amu* was measured in flight 
by its comparison with simultaneous readings of an independ- 
ently functioning electrometer amplifier. The overlap in the 
two detector systems extended from 10“'^ to 10'*^ A of elec- 
trometer current* in which range the electrometer was oper- 
ating quite stably. 

Examination of Composition Results 

In Table 2 a compilation of Venus lower atmospheric com- 
position data as they were obtained from ihe gas analyzers 
aboard the Pioneer Venus as well as the Ven<*ra 11 and 12 
spacecrafts is presented. Also listed arc the respective results 
of two additional optical experiments* the Venera spectropho- 
tometer (YSP) and Pioneer > enus orbiter ultraviolet spec- 
trometer (OUVS). References for these data are given as foot- 
notes to Table 2. Other references are listed in Table I. The 
data values and ctror bars are quoted as they - in the 
referenced works. Values which are put in parei ^ de- 
rived in this paper by combining results from the 0 pa- 
pers. In case of the BNMS results it should be emphasized 


. 
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that the actual measurements were taken at or abo/e 130-km 
altitude. Hence their extrapolations into the lower atmosphere 
are dependent on certain model assumptions, as will be dis- 
cussed below. With respect to the Venera results, no in-depth 
discussion of their confidence levels and error bars is at- 
tempted, but nevertheless, they arc listed here for their obvi- 
ous interest. Note aJiO that all mixing ratios are given in parts 
per million, f^xcept for Nj, whose abundance is given in per- 
cent. 

Helium 

As was mentioned above, the LNMS results on helium suf- 
fered from the fact that the internal sounder probe atmo- 
sphere contained 1% helium. Tht result is that a rather large 
helium background has to be subtracted from the data, pre- 
cluding the determination of a mixing ratio at this time. 

On the other hand, the mass 3 peak can be entirely ac- 
counted for by contributions from the HD peak, assuming an 
isotopic ratio for hydrogen the same as that on earth, and a 
manufacturing in the mass spectrometer ion source of H,^ 
from mainly the hydrogen mass I peak. Also the ^He residual 
was negligible. This left a residual of essentially zero counts at 
mass tat could be attributed to ^He. Therefore even though 
the peak amplitude from ambient gas is uncertain, the 
’He/^He ratio is probably less than 3 x This value al- 
lows for a factor of 3 less ^He than the mass 4 corrected count- 
ing rate would indicate and assumes an upper limit of 5 
counts for ^He. Thus the true helium isotopic ratio may be 
much less and could be as small as that on earth (1.4 X 10~^) 
or even lower. 

The LGC did not measure helium, because it was advanta- 
geous to use helium as the carrier gas to improve instrument 
sensitivity. Results from the Venera probes have not yet pro- 
duced data on helium. 

The BNMS result on the lower atmosphere helium abun- 
dance was derived by von Zahn et al. [this issue] by extrapola- 
tion from the actual measurements performed at and above 
130-km altitude. This extrapolation was based on an eddy co- 
efficient profile derived from the BNMS composition mea- 
suremcpt. assumptions on the tempert mre profile between 
100 and 130 km, and the change of mean molecular mass in 
the latter altitude region. Although :he lowest altitude mea- 
surements of the BNMS were in uct obtained below the 
homopause, the small atomic mass of He and the eddy coeffi- 
cient, having been found to decrease with altitude, cause a sig- 
nificant decrease in the helium mixing ratio in going from the 
130-km level down to the 100 km altitude. The estimated un- 
certainty of the derived He mixing ratio in the lower atmo- 
sphere is given by von Zahn et oL [this issue] (Table 2). Here it 
may be noted that a similar connection of upper and lower at- 
mosphere argon data cm be done with muen more con- 
fidence, because the atomic masses of the argon isotopes are 
very similar to the mean molecular mass of the atmosphere 
throughout the whole altitude range under consideration. 

Neon 

The neon content of the Venus atmosphere was determined 
by the LNMS instrument by taking the ratio of the ccrrected 
(as discussed above) ^e peak height to that of ^Ar. The 
measured value is 0.3 ± 0.2. The rather large error stems t/om 
the fact that the correction for doubly charged argon is a 
fairly sizable one, although the correction for the heavy water 
*s very small On the basis of the value tor the ^Ar mixing ra- 
tio in the Venus atmosphere the mixing ratio of ^e was de- 


termined to be 10 pom. No direct measurement is available of 
the neon isotope at mass 22 from the LNMS instrument, be- 
cause the doubly charged CO 2 peak at mass 22 is over- 
whelmingly Idr^e and it was impossible to make a correction 
for it that would be meaningful. However, results from the in- 
ert gas enrichment ceil (IRMC) [Hoffman et al., this issue], 
which concentrated a sample of inert gases by removing the 
CO 2 , inv“licate that the ‘^Ne/^^^Ne value was 0.07 ± 0.02, a 
value that agrees well with the solar wind value [Geiss et ai, 
1970]. 

The LGC value for neon is somewhat lower but within the 
error bar of the LNMS value. The VNMS value is also consis- 
tent with the other measurements. The VGC cannot measure 
neon, because it uses neon as a carrier gas, just as the LGC 
used helium as the carrier gas. So the determination of ^®Nc m 
the Venus atmosphere appears to show fairly good agreement 
between three of the instruments which did make the mea- 
surement. 

For the BNMS a meaningful measurement of ^^’Ne could 
not be obtained because of the appearance of a large H^O 
peak upon entry into the Venus upper atmosphere. This peak 
is caused by water released from the ion source . jrfaces when 
they are exposed for the first time to a large fiux of atomic ox- 
ygen. At 150-km altitude, for example, the ratio of ion cur- 
rents of mass I S'*' to mass 44"“ was 1/40. Therefore the contri- 
bution from Ha^^O totally dommated the mass 20 peak. In 
addition, the cross section for ionization by electron impact is 
much smaller for Ne than for H 2 O, further compounding the 
problem of measuring the thermospheric Ne content by the 
BNMS. 

Argon 

For the LNMS the basic measurement of all of the noble 
gas abundances in the Venus atmosphere was done through 
the ^Ar peak, because it had a negligible ^sidual before en- 
counter with Venus and no interference from other gases. It is 
therefore the most reliable peak upon which to base the mea- 
surement. Since argon is a noble gas, it is not gettered, and its 
ratio to CO 2 in the mass spectrr meter increases with time, as 
was discussed above. The ratio of ion-counting rates of the 
mass 36-44 ion peaks actually goes from 10'’ to nearly 10“’ 
between 25 km and the surface, but because of the large and 
increasing pumping speed for CO 2 versus that for argon the 
mixing ratio of argon is very much less than the counting rate 
ratio. By knowing the conductances of the difierent pumping 
paths of these two gases within the instrument and the ratio of 
their ionization efficiencies the mixing ratio of was deter- 
m:nedtobe302iS ppm [Hoffman et al., this issue]. The iso- 
topic ratios ^Ar/^*^Ar and “Ar/^Ar were found vo be 1.03 ± 
0.04 and 0.18 ± 0.02, respectively, aAer appropriate correc- 
tions were made for the residual argon in the mass spectrome- 
ter. These values are average values of the data in the lower 25 
km of the atmosphere. There were no significant trends in the 
mixing ratio in this region. From the isotopic ratios of argon 
and the mixing ratio of ^Ar the mixing ratios of the other ar- 
gon isotopes were calculated. The total argon mixing ratio 
then is the sum of that of the three isotopes and is determined 
to be 702w ppm. 

The LGC argon mixing ratio value is 67.2 ± 2.3 ppm. This 
is also for the sum of the three isotopes, since the LGC treats 
all isotopes of a given subsunce identically. This value differs 
from that reported earlier [Oyama et al., 1979). The earlier re- 
port was based upon a misideotificaiicn of certain peaks fol- 
lowing the N: peak. Ar was identified as O 2 . and CO was 
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idenufied as Ar. These ideimfications were bas^ ’ ’ on the 

best fit retention times of these peaks compared to the pre- 
launch calibration retention times. K was assumed that the 
temperature of the column would rise during the later stages 
of the third analysis, but subsequently, that was not found to 
be the case. In fact, the shorter retention times for all gases re* 
suited from a higher absolute column head pressure generated 
by a earner g-s pressure regul.-ior referenced to the higher 
than expected pressure m the probe. The nighcr mass flow 
rates resulted in retention times of all gases bemg moved for- 
ward. When this fact was discovered, the Freon mtemal stan- 
dards were used to determine relative retention times, and a 
quant itafive value for each of the gases that was measured 
was obtained \0\ama et ai. 1980]. 

Tne VTMMS obtained an argon mixing ratio of 115 ± 20 
ppm with isotopic ratios of ^Ar/^*.Ar of 1.19 and ’*Ar/^Ar of 
0.19. I hcsc isotopic ratio values arc considered to be in ex- 
cellent agreement with those determined by the LNMS, and 
the mixing ratio lies within the LNMS error limits. 

The result ob'amed for the mi-'.ng ratio of argon by the VGC 
instrument is 50 ± 10 ppm. which is in reasonable agreement 
with the value obtained by the Pioneer Venus -nstniments but 
a little more than a factor of 2 lower than that obtained by the 
VNMS. The source of this difTcrcncc is being considered by 
the Venera cxpcriroenicrs. Assuming that some systematir er- 
ror will be found in the VNMS result, there seems to be gen- 
eral agreement between the various lower atmospheric com- 
position insiriments on the mixing ratio of argon, which is of 
the order of 60-70 ppm. The Lotopic ratio ^Ar/^.Ar, being 
about 1, is quite different from the value of 300 m the canh's 
atmosphere. This implies that .here is a large excess of pri- 
mordial argon, as well as nccn. ir the Venus atmosphere as 
compared to :hc earth's atmosphere [Hoffman et ai, this is- 
sue), smcc the Venus aimopshere is nearly 100 limes more 
mas‘ :ve than the earth's. The very Ia:gc abundance of '^Ar 
relative to that of the earth raised the question as to whether 
the mass 36 peak in the LN.MS might not be due to HCl in- 
stwtd of ‘*’.Ar. This can be answered on the basis of a consid- 
eration of the amplitude of the mass 35 peak, which could 
possibly be due to chlorine ions. In the LNMS there is a back- 
ground of scattered ions in the mass spectrum on the low- 
nass <ide of very large ion peak, m this case CO:", which 
mcrcascs with increasuig pressure in the mass spectrometer. 
The background from this source in the region of the mass 35 
peak is of the order of 20-3(Xr of the peak amplitude. Another 
correction from the H^S peak removes an additional 30—40^ 
of the peak ampluude. The residual peak may be attributable 
to chlorine. The fractionation pattern for HCl yields a mass 36 
to 35 ratio, that is HCl to CL of 7.0. Therefore assuming that 
the residual peak is enurely due to chlorine, the contribution 
of HCl to the mass 36 peak would be less than 1% of the peak 
amplitude ai every altitude, and therefore HCl would not con- 
tribute significantly to the argon determination. On earth the 
isotopic ratio of ’’Cl/^^Cl is 0.326. On Venus the 37/35 mass 
peak T?no varies from 0.5 to 3. the % anaiion being due in large 
pan tc the s"\r.>iical fluctuations of the verv* low counting 
rates, indicatmg that some substance other than chlorine is a 
major contributor in the LNMS to it least »hc mass 37 peak, 
it is therefore concluded that the large excess of primordial ar- 
gon is a valid result and that the m*x.ing ratio of chlorine in 
“ losphcre of Venus is less than a few pans per million. 

In the case of the BNMS experiment, only upper limits on 
the argon abundances in the Venus atmosphere were derived 
for the followmg ,tasons [Maueisber^vr ei J,, 1979): above 


150 km the altitude gradients of loth the mass 36 and the 
mass 40 ion currents exhibit a much too shallow gradient to be 
identified as signals from ambient '*rgon. Judging from their 
scale heights, these signals arc caused by background gases re- 
leased from the high-speed impact of ambient atomic oxygen 
on the ion source surfaces. Below 130 km the gradieni:> of 
masses 36 and tO became too steep to be argon. In this alti- 
tude region the mass spectrum was dominated by scattcreo 
ions withm ihc instrument analyzer due to the rapidly rising 
ambient CO: pressure. .As a result. Mauersberger et ai [1979] 
concluded tha' at no altitude was ^Ar or “^.Ar positively iden- 
tifiable in the BNMS data. The authors also calculated upper 
limits on the ^*’Ar and ^.Ar number dcisitics at 135-km alti- 
tuce and denved. by using appropriate i,'‘odei assumptions, 
upper limits on the mixing ratios of these /\t isotopes in the 
lower atmosphere (sec Table 2). 

The limits on argon isotope abundances derived from the 
BNMS arc not in satisfactory agreement with the results from 
composition measurements performed aircctly in the lower at- 
mosphere (see Table 2). If the LNMS and LGC values as 
given m Table 2 arc considered to be correct then an ex- 
planation of the low BNMS value is necessary. If a different 
altitude profiie for the background gas on masses 36 and 40 is 
assumed (sec discussion by Mauersberger et ai, [1979]), the 
BNMS value could be raised by 20%. The extrapolation of the 
abundances of ^Ar and ^Ar relative to CO 3 from the altitude 
of measurement (135 km) to the lower atmosphere k, of 
course, model dependent. By using half or twice the value of 
the eddy coefficient K in the model the exii -^olaicd value of 
^Ar/CO: changed by only -15% and +4%. respectively. For 
'”Ar/CO: the change was even oi Her. This insensitivity to K 
is due to the atomic masses of the argou isotopes being close 
to the mean molecular mass of the Venus lower and middle 
atmosphere. 

Since the two effects discussed above arc unable to account 
for the disagreement between the BNMS and LNMS-LGC 
data, one may speculate whether the BNMS result is affected 
by an unknown loss of multiplier gain in the last 15 s of the 
mission, which were crucial for the dctcrminaiion of the argon 
abundance limits. This potential gain loss could possibly be 
attnhuted to the rather large count rates produced by the 
multiplier from the CO:, CO, O, and N: ion currcnis below 
150 km. However, this condition had occurred many times be- 
fore during laboratory calibrations at high CO: pressures and 
had not resulted in any notable damage to the multiplier. A 
posteriori there is no self-consistent means from only ihe 
BNMS science and housekeeping data to firmly establish and 
to quantify such a potential loss of m'aitiplier gain in the 
BNMS. Therefore there appears to be no valid reason to 
change the limits as published by Mauersberge. c' ai [1979]. 

The expectedly rather small argon abundance ai 150-km al- 
titude has not yet been positively identified by the ON MS 
mass spectrometer. As Niemann et ai [1979] reported, the ^'Ar 
peak of the ONMS was obscured by an anomalously high 
background peak probably caused by and NaOH'" ions 
sputtered off the ion source grids by ibe 10 -km/s impact of 
CO:. This situation has not been resolved at the time of this 
writing. 

Krypton 

Neither of the Pioneer Venus lower atmospheric composi- 
tion instruments was actually able to detect krypton. The up- 
per limns arc of the order of 0.2-2 ppm, the LNMS value 
being lower. From the VNMS data, indications are that the 
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mixing ratio is of the order of 0.4 ppm. None of these values 
disallows an excess in the absolute abundance of krypton in 
the Venus atmosphere. 

Sitrogen 

The mixing ratio of nitrogen has been determined in the 
lower atmosphere of Venus by four of the five aunosphcnc 
composition instruments. The values, while exhibiting fair 
agreement, do not have overlapping error bars. The biggest 
discrepancy seems to be between the two Venera instruments, 
where the values are 4.5 and 2.5®fc with errors of 0.5^ that do 
not overlap. The LNMS and LGC values are fairly consistent 
with each other and with the VNMS value* leaving the VGC 
vdue to be somewhat lower than the otL^r three. The uncer- 
tainty of the LNMS measurement is fairly large because of the 
fact that at the mass 28 parent peak for N 2 a very high signal 
from CO is found, leaving the peak amplitude somewhat 
uncertain. The latter was determined from the LNMS data by 
an examination of the mass 30 to 28 peak ratios. At mass 30 
the peak is separated from the peak by the high 

mass resolution of the instrument. By knowing the 
counting rate and the oxygen isotopic ratio (measured) the 
CO contribution to the mass 28 peak was calculated. The re- 
mainder wr > from which its mixing ratio was determined. 

Another way of determining the nitrogen mixing ratio is 
through the mass 14 peak, which results from N ions which 
are fragmented from the N. molecules by the ion source of the 
instrument. This method was used to determine the N 2 abun- 
dance from the VNMS data. In the L ^^MS case a correaioo 
had to be made at the mass 14 peak (CH^^) from methane, 
which was introduced into the mass spectrometer as a calibra- 
tion gas. Since the correction was fairly large, the value of ni- 
trogen as determined by this method is somewhat uncertain. 
However, consistency was obtained between the actual value 
by this method and the mass 30/28 isotopic ratio method. 

The LGC quoted error bars [Oyama et ai, 1979) indicate 
that the mixing ratio of nitrogen does indeed vary with alti- 
tude from 4.6% at 52 km to 3.5% at 42-km altitude and 3.4% at 
22-km altitude. The error bars quoted in the referenced work 
are conodence mtervals calculated from the calibration data 
required during tests and are determined to 3 o. No simula- 
tion tests have revealed any altitude dependent errors, such as 
sampling errors or errors due to increasing temperature of the 
instrument as the probe descended toward the surface. There- 
fore Oyama et al. (this issue) suggest that the mixing ratio of 
nitrogen does vary from a higher value to a lower value with 
decreasing altitude in the atmosphere of Venus. 

Because of diffusive separation of N^ and CO: at altitudes 
above 100 km the N: abundances measured by the BN MS 
above 130 km cannot be compered directly with the values 
measured in situ ui the lower atmosphere. .As has been men- 
tioned already, von Zahn et al. (1979) have used the com- 
parison of the mea.sured ratio N:/CO: in the upper and lower 
atmosphere to denve an estimate of the strength of turbulent 
mixing in the 100- to 140-km region. 

Molecular Oxygen 

In the LMNS data there is a mass peak at 32 amu both in 
the high-altitude region around 50 55 km before the leak 
plugged and in the lower region of the atmosphere below 25 
km. in the upper region the peak can be reasonably well ac- 
counted for by O: formed in the mass spectrometer ton source 
by the dissociative ionaatioo of CO 2 . In the lower part of the 


atmosphere there is considerably more mass 32 than can be 
attributed to th^^ source, and the peak position is shifted to- 
warc ihai of sulfur. However, by additional subtractions of 
contributions to the mass 32 peak of S from H:S. of S and O: 
from SO:. of S from COS the amplitude of the peak can 
he accounted for Therefore from the LNMS data, only an up- 
per limit of 30 ppm can be placed on the mixing ratio of O: in 
the Venus lower atmosphere. This is consistent wuh the upper 
limit of 20 ppm obtained by the VGC. To date, the VNMS 
has not yet reponed a value for 0 :_ 

The abundance of oxygen found by the LGC at 52-km alti- 
tude is 43 ppm, whereas at 42 km it is subsuntially less at 16 
ppm. At 22 km it is undetectable because of the huge nitrogen 
peak tail. The error bar on the high-altitude determination in- 
cludes the LNMS limit value at that altitude. At 42 km the 
LGC value lies within the upper limit determined by the 
VGC- The VGC docs not directly measure O: but must deter- 
mine It by subtraction of the argon from the chromatogram 
peak. Thus the O: limit of the VGC may be high. At 22 km 
there appears to be concurrence that the O: mixing ratio is be- 
low the detection limit of all the instruments. 

Carbon Monoxide 

The mixing ratios of carbon monoxide as determined by the 
two gas chromatographs agree very well at a value of the or- 
der of 20-28 ppm. The error bars of the VGC measurement 
overlap those of the LGC, although the reverse is not true. 
The fact that mass spectrometers cannot determine the mixing 
ratio of carbon monoxide in a highly rich carbon dioxide at- 
mosphere is one reason why a multiplicity of instruments was 
flown to study the Venus atrao.sphere. 

Carbon Dioxide 

It was well known before the Pioneer Venus flight that CO: 
is the dominant gas in the Venus atmosphere. This was recon- 
firmed by the LGC. which made a direct measurement of the 
CO: abundance. The mass spectrometers used CO: as the ref- 
erence gas for relative abundance measurements and also con- 
fln.ied the doi.unancc of CO:- -Abundances of all constituents 
found in (he ' 'enus atmosphere have been reported as mixing 
ratios. 

Carbonyl Sulphide 

In earlier results reponed from the LNMS data [Hoffman et 
ai, 19796] It was shown that between 23 and 20 km there was 
a large increase in the COS mixing ratio from essentially zero 
to a peak value of approximately 10 ~\ followed by a small de- 
crease and then a rather constant mixing ratio from that alti- 
tude down to the surface. This profile is not consistent with 
that of an ambient atmosphs.iic gas. Laboratory results from 
studies with the flight spare instrument, conducted by apply- 
ing a coating of an 85% solution of H 2 SO 4 in H:0 to the uilet 
leak and heating it in a CO: atmosphere in a chamber in 
which the Venus atmosphere pressure and temperature can be 
simulated, have shown that it is possible to produce the same 
profile that was observed in the Venus atmosphere. It is there- 
fore concluded that at least the rapid rise in COS at the 20 -km 
level is an artifact of the measuring system and not a real phe- 
nomenon existing in the Venus atmosphere. Also, the rather 
constant mixing ratio of COS below that altitude may be an 
artifact, because the origin of COS could be a residual re- 
maining in the instrument after the initial production. There- 
fore only an upper limit of 500 ppm can be set at this time. It 
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IS dear thai ai 22 km and above, the mumg ratio of COS in 
the Venus atmosphere must be less than 3 ppm, which is con- 
sistent with the value obtained from the CCfC at this same al- 
titude. Unfortunately. 22 km was the lowest altitude at which 
the LGC sampled the Venus atmosphere. Therefore it is not 
certam that COS exists at ail above the few parts per million 
level in the Venus atmosphere. 

Sulfur Dioxide 

The Pioneer Venus orbiter ultraMolet spectrometer (OUVS) 
can detect trace gases m the atmosphere at and above the 
cloud tops by observmg their absorption spectra in scattered 
sunlight. Early in the mission, sulfur dioxide was detected by 
this means (5/eH*nrr et ai, 1979]. Since the scattered sunlight 
probes the atmosphere to a depth that depends on wave- 
length, it was possible to deduce from the spectrum the mixing 
ratio of SO: near 40 mbar and near 20 mbar by mideling the 
scattering near 280 nm and near 210 nm. respectively. The re- 
sults show (hat the mixing ratio of SO: about 0. 1 ppm at 40 

mbar and that the scale height of SO: approximately one 

hfth of the scale height of the ambient atmosphere [Esposito et 
ai. 1979). 

A one-dimensional model of the photochemistry of sulfur 
compounds above 58 km (the base of the upper cloud), in- 
cluding vertical eddy mixing, shows (hat the small SO: scale 
height is due to a combination of the efficient oxidation of 
SO: ^nd inefficient vemcal mixing. The upward flux of SO: 
predicted by the model is sufficient to replace .he H.SO 4 set- 
tling downward from the upper cloud, and the model also pre- 
dicts an SO: mixing ratio of 5 ppm at 58 km [Esposito et ai, 
1979: Winick and Stewart, 1950] that is consistent with the re- 
sult from the LNMS at 55 km. The SO; signal in the LGC 
high-altitude sample is very small: hence (he Urge upper limit 
placed on this value from the LG<" data. 

In the i«ltitude region below 2:*^ km. several 'alucs of the 
mixing ratio of sulfur dioxide were obtained. The LGC and 
VGC results at 185 ard 130 ppm. respectively, agree very' well 
in that their error bars do overlap. On the other hand, the 
LNMS had considerable difficulty rn determining the mixing 
ratio of SO; in this region of iht atmosphere. This results from 
the overcoating of the inlet leaks by presumably sulfuric acid 
cloud droplets us the rounder probe passed through the 
middle cloud region at .in altitude around 52 km. Below this 
altitude there is evidence that a considerable amount of SO: 
has resulted from the materia, that blacked the leaks, giving 
rise to a large mass (>4 peak, the residual from which, even af- 
ter the leak had reopened at appro.xiraaiely 30- km altitude, r*!- 
mained in the spectrum from there to the surface. Therefore it 
is unclear whether SO; is being observed from the ambient at- 
mosphere or if the enure mass 64 peak is due to the residual 
SO: from the leak blockage material. Hence all that can be 
deiermmed at this time is an upper limit to the mixing ratio of 
SO:« which is 300 ppm and is consistent with the values deter- 
mined by the gas chromatographs. 

Water Vapor 

The only major discrepancy in the measurements from the 
several diflerent instruments of the composition of the Venus 
atmosphere exists in the determination of the water vapor 
content. The diflerences occur basically between the LGC val- 
ues at 42- and 22-km altitude and the VGC value, which is for 
an altitude range below 42 km but is not given at any specific 
altitude and may well be an average value, as is the case for 


ail VGC measurements. In addition to the composition mea- 
surements, which have already been discussed, the Venera 
probes contained a spectrophotometer (VSP). which dctcr- 
the altitude profile of water vapor from the depth of 
H ;0 absorption bands (800-1200 nm) in the spectrum of scat- 
tered daylight [Moroz et ai, 1979]. The mixing ratios deter- 
mined by this instrument show a decrease froia 200 ppm at 54 
km to 20 ppm at the surface of Venus (sec Table 2). These re- 
sults arc fairly consistent with the VGC results but arc 
markedly at variance with those obtained by the LGC. The 
source of this discrepancy has not yet been determined. 

The data obtained by the LGC at the 52-. 42-, and 22-km 
altitudes arc consistent with the vapor pressure of water over 
sulfuric acid solutions of 2:55-86% at 54®C, 88-89% at 132®C, 
and »95% at 283 ®C, respectively. They agree with a model of 
sulfuric acid concentrations which predicts the vapor pressure 
of water, as a function of altitude, and provides for a sink for 
water in the clouds. Laboratory simulation studies have 
shown that for this range of concentrations of sulfuric acid 
added to the top of chromatographic columns the water of so- 
lution is not added to the water vapor level detected and that 
the water vapor is not removed from subsequent samples. 
However, the peaks ohiainfd from flight data for water vapor 
show characteristic similarities to peaks emerging from col- 
umns pretreated with sulfuric acid solutions and differ from 
columns tnat have not been $0 treated. This can be construed 
as additional evidence for the sulfuric acid nature of the cloud 
particles. 

The water vapor peak in the LNMS spectra is very large 
even at an altitude above that where the leak was blocked by 
the droplet of sulfuric acid. Hence the large upper limit value 
aetermined at 52 km of 1000 ppm. It is possible that the water 
peak ui this region is indeed ambient, but ail other sources of 
possible water vapor have not yet been excluded. However, 
below the point where the leak was blocked by the sulfuric 
acid droplet, a large increase in the water vapor peak was ob- 
served, indicating that the droplet was producing water vapor 
as well as SO; during the time that it was overcoating the leak 
and blocking the flow of ambient gases into the instrument. 
Below the region where the droplet had evaporated and the 
return flow of atmospheric gases began, the water vapor peak 
increases markedly again but does not follow a profile of that 
of an ambient atmosphcnc gas. Hence u is not dear what per- 
centage, if any, of the water peak is due to ambient water va- 
por or whether it is all due to residual water which has now 
been accumulated in the instrunient. 

Conclusions 

As can be seen from an examination of the composition re- 
sults presented in Table 2, there is fairly good agreement be- 
tween the mixing ratios of all constituents determined by the 
several instruments from the Pioneer Venus program and the 
Venera 1 1 and 12 flights. An imponant exception is water va- 
por, where a serious discrepancy still exists. However, Oyama 
et ai (1980] show a correlation between the water vapor con- 
centrations as measured by the LGC and those that would ex- 
ist in cquilibnum with certain concertrations of H 2 SO 4 as evi- 
dence for the validity of their values. However, this must be 
contrasted with the agreement between the VGC and spectro- 
photometric values, which were obtained by two entirely in- 
dependent techniques, one by an in situ measurement and one 
by remote sensing. 

When initial resuus were flrst repiTrted, there was more than 
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an order of magnitude difference m the mixing ratio obtained 
for argon by the various instruments. To date, after a much 
more careful analysis of the data the range of differences in 
these measurements is about a factor of 2. The original fairly 
large differences were not basically a problem of errors in lab- 
oratory calibrations of the sensitivity of the different in- 
struments but one of properly accounting for backgrounds m 
the spectra, identiheation of peaks, pumping speed consid- 
erations of rare gases versus active gases, and time constants 
of electrometer amplifiers. All of these situations have now 
been analyzed, and corrections have been made for them, 
which was not possible in the short time between the arrival of 
the spacecraft at Venus and the first preliminary reporting of 
results in the literature. However, even in the first results re- 
ported. the impact of the large excess of the primordial gases 
in the Venus aiirospherc was noted, and this very important 
result has not been affected by the more detailed and careful 
analysis which has occurred since the original publications. 
Even the uncertainty in the argon mixing ratio of a factor of 2, 
which still exists if all of the measurements reported in Tabic 
2 are considered, does not negate the fact of the large excess of 
primordial argon. If the lower mixing ratio values are consid- 
ered to be more likely, then the actual abundance or mass 
mixing ratio of ^Ar in the Venus atmosphere is a factor of 2 
less than that in the earth*s atmosphere. This implies that the 
radiogenic source of argon in Venus or the rate at which this 
substance was accumulated in the Venus atmosphere has been 
somewhat less than that for the earth. However, if the VNMS 
value of the ^Ar mixing ratio is taken at face value, then this 
indicates a fair similarity between the ^Ar content of the two 
planets. 

The chlorine mixing ratio upper limit in the atmosphere as 
determined from the LNMS data is a few parts per million. 
The sulfur (as SO^) abundance was found to be of the order of 
100-200 ppm below the clouds. The ratio of these seems to 
contradict the Venera 11 and 12 spectrophotometer resulu 
[Surkov et ai, 1979] found in aerosols collected in the cloud 
region wherein the C1:S ratio was 10. The chlorine content of 
the aerosols translates into a gaseous mixing ratio of less than 
I ppm (Yu. A. Surkov, pnvate communic non. 1980). which 
does not contradict the mass spectrometer result. The sulfur 
content below the clouds is much higher m relation to the 
chlorine than it is in the aerosols, but the relationship between 
these sulfur forms is unclear. In the clouds, sulfur, as SO:, 
an upper limit of the order of 10 ppm as determined by the 
LNMS. The UV spectrometer result of O.l ppm at 70 km 
translates through a model to 5 ppm at 55 km. If the model is 
valid, this could represent a conflict between the aerosol val- 
ues and the gaseous values, although it is unknown what gase- 
ous abundance for sulfur relates to the aerosol value. 

From the experiences gained in the measurement of a plan- 
etary atmosphere remote from the eanh. several recommen- 
dations for any future such experiments in either the Venus 
atmosphere or that of other planets or comets can be made. 

In general, the level of contaminant gases erbserved in the 
Venus upper atmosphere by both the BNMS and the ONMS 
spectrometers was higher than was expected from the experi- 
ence gained in previous experiments performed in the terres- 
trial thermosphere. This situation is probably caused by the 
high entry velocities (11.6 and 10 km/s for BNMS and 
ONMS. respectively) and the high molecular mass of COi. 
This combination provided for 3 l-eV impact energy of CO-* at 
the BNMS instrument versus the typical 9-eV enei^^ Nj In 


a terrestnai satellite experiment and 4.6-eV impact energy of 
CO: in the case of the Viking upper atmosphere spectrometers 
[Nier and McElroy, 1977]. With this lowering of the encounter 
velocities one also notes a definite lowering in the level of the 
contaminant problem. Therefore for future planetary or com- 
etary missions we lecoramend application of even more strin- 
gent bake-out procedures for the parts and full spectrometer 
sensors than we have employed already. In the case of the 
BNMS the bak^-out temperature of the fully assembled spec- 
trometer was limited to 200 ® C because of the electron multi- 
pliers used. A 450® C bake-out procedure for the spectrometer 
would have probably resulted in a lower level of Venus entry 
background gas but would have necessitated the use of a dif- 
ferent multiplier. A second measure for countering the back- 
ground problem is to take at least a few continuous mass scans 
in the time period where science-critical data are collected. 
Such spectra would be of great help in unraveling the relative 
contributions of ambient gases and contaminant peaks. 

The use of several different operatmg modes of the tn- 
stniment for short-term measurements, such as in the case of 
the bus approach into the Venus atmosphere or a high-speed 
approach to a comet, would be undesirable, because it seems 
important to obtain redundancy and consistency of measure- 
ments rather than to introduce other types of data, such as 
those obtained by low electron energies for flythrough modes 
or the like. While these may add confidence to the identifica- 
tion of parent molecule species in some cases, they may also 
detract from the basic composition measurements which are 
being sought in an unknown atmosphere. 

Because of the experience of the accumulaticn of helium in 
the LNMS instrument as a background gas. due to the fact 
that the internal piobe atmosphere did contain \% helium, it 
would be highly desirable not to backfill pressurized vehicles 
with a gas that is likely to be a minor constituent of the atmo- 
sphere which is to be studied. However, this may not always 
be possible, as in the present case. Helium was the only gas 
which could be used for leak detecting, because other more 
complex molecules would have affected the results of the in- 
frared measurements and therefore could not be used as trace 
gases m the probe for leak detection. 

From a consideration of the results produced by the LNMS 
instruments the high-resolution capability of looking at mass 
doublets proved to be an extremely valuable feature of the in- 
strument and would be v. 7 desirable in the measurement of 
any unknown atmosphere. 

The results from the composition measurements of the 
Venus atmosphere provided by the Pioneer Venus and Venera 
11 and 12 spacecraffs might have turned out quite differently 
had only one instrument or type of instrument been flown. 
Venus simply has too complex an environment to be attacked 
with a single instrument. But as a result of the cross-checks 
provided by the several instruments the knowledge of the at- 
mopsheric composition and the confidence in the validity of 
the measurements has progressed to a reasonable degree of 
certitude. It appears that the results presented here now may 
form the basis of the models which must be developed or up- 
dated to understand the chemistry and physics of the atmo- 
sphere as well as its origin. 
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Data from the Pioneer Venu 5 sounder probe neutral mass spectrometer confirm that the major constit- 
uents of the lower atmosphere of Venus are CO- and N 2 > with the latter having a mass abundance of 
about 3%. The dau allow the order of up to 1000 ppm of «ater vapor and 500 ppm of SO 2 and COS 
below the clouds, but lower bounds for the abundances of these compounds cannot be established be- 
cause they appeared in large amounts as lingering products of the reaction of cloud droplets deposited on 
the gas inlet leak to the mass spectrometer. The presence of several minor constituents on Venus is more 
certain. Of particular significance is the discovery that there is a hundred-fold excess of nonradiogenic 
argon and neon on Venus over terrestrial abundances in addition to a small deficit of radiogenic ^Ar. 
The isotopic ratios of caH 1, oxygen, and nonradiogenic argon are similar to those on earth. Other mi- 
nor constituents deteaed on Venus include helium an 1 ethane, and there is strong, but presently in- 
conclusive, evidence for H 2 S. Through laboratory simulation it has been shown that the measured pat- 
tern of volatile release during the evaporation of cloud materials blocking the inlet leak correspond to the 
volatiles produced when a leak is coated with an 85% concentration solution of H 2 SO 4 and immersed in a 
Venus atmosphere simulator. 


Introduction 

Interest in studying the composition of the atmosphere of 
our sister planet, Venus, stems from the fact that Venus and 
earth are similar in many aspects (i.e. mass, size, and orbit), 
but more importantly because of the marked diiferences that 
occur between these two seemingly similar planets. The Venus 
atmosphere is nearly 100 times more massive than that of 
earth, the surface temperature of the planet is more than 2^ 
times higher, and the dominant gas surrounding Venus is car- 
bon dioxide. The sulfuric acid clouds of Venus encompass the 
entire planet, whereas the water clouds on earth only partially 
cover the planet. Tc study the composition of the lower atmo- 
sphere of this interesting planet, a miniature mass spectrome- 
ter [Hoffman et ai, 1980] was designed and Sown to Venus in 
1978 as one of the instruments of the Pioneer Venus mission 
[Colin, 1979]. 

One of the major problems that the mass spectrometer had 
to address was the sampling of the atmosphere over a pressure 
range of O.l’-lOO bars while measuring concentrations of the 
order of I ppm of the dominant gas (CO 2 ). In addition, be- 
cause the in' nment was operated in a pressurized ''.pacecraA, 
a gas remosal or pumping system had to be included with the 
instrument to maintain the mass spectrometer at its operating 
pressure (<10‘* torr) and to remove the gases that had been 
previously sampled from the atmosphere to avoid con- 
tamination of new samples. To get the true picture of the com- 
position of this unknown atmosphere, the sampling system 
had to be designed to minimize alteration of the chemical 
forms of the gas species sampled from the atmosphere. The in- 


strument which addressed these problems of measuring the 
rather hostile environment of the Venus atmosphere was de- 
signed and built at The University of Texas at Dallas. 

Sampling of the Venus atmosphere occurred through two 
small microleaks, each consisting of a 3.2 mm diameter passi- 
vated tantalum tube whose outer end was forged to a fiat plate 
configuration having a conductance of the order of 10“’ cm^/s 
for the primary leak and 10”* cmVj» for the secondary leak 
[Hoffman et ai, 1980], These leaks protruded from the soun- 
der probe into the atmosphere. Analysis of the infiow through 
the leaks was performed by a miniature magnetic sector field 
mass spectrometer that covered the mass range from 1 
through 208 amu with a dynamic range of over 6 orders of 
magnitude. Removal of the atmospheric samples was accom- 
plished by a combination of chemical getters and sputtering 
ion pumping. To preserve the wide dynamic range of the in- 
strument, that is, to enable mea.surement of substances in the 
Venus atmosphere at the 1 ppm level of CO 2 , as the atmo- 
spheric pressure varied over the 3 decade range while the 
probe descended to the surface, the larger conductance leak 
was closed at about 47 km. A variable conductance valve, in- 
stalled between the instrument ion source and the primary 
getter pump, was openesi pneumatically by the increasing at- 
mospheric pressure, causing the conductance from the ion 
source to the getter pump to be increased at a rate that ap- 
proximated the increased throughput of the atmospheric sam- 
pling leak, thereby maintaining a nearly constant pressure in 
the ion source of the instrument. Prefli^t laboratory simula- 
tion of a descent, with pressure varying from 0.5 to 100 bar 
and temperature from 300 to 750 K, showed the CO 2 signal to 
vary by only a factor of 5 [Hoffman et aL 1979c). The varia- 
tion in flight was larger due to temporary plugging of the leaks 
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(to be discussed below) as the spacecraA descended through 
the clouds [Hoffman et aL, 1979b]. 

Preliminary results of the composition of the Venus atmo- 
sphere have been reported [Hoffman et al, 1979a, b]. This pa- 
per contains an update of the preliminary results based upon a 
more detailed analysis of the flight data and various labora- 
tory studies on simulation of flight results. 

Instrumentation and Calibration 

Detailed descriptions of the mass spectrometer instrumenta- 
/. tion can be found in Hoffman et al, (1979c, 1980]. Some im- 
portant aspects of the instrument pertinent to a discussion of 
the results are its very high mass resolution capability, suf- 
ficient to separate many mass doublets, such as ^Ar and C 3 H 4 
at mass 40 that has a mass difference of I part in 580. One of 
the problems of the operation of a mass spectrometer for the 
analysis of complex spectra of gases is the overlapping of ion 
peaks either as parent ions or as fragment ions formed in the 
instrument by the dissociative ionization of complex mole- 
cules. This high-resolution capability proved useful in sepa- 
rating many nearly overlapping peaks, such as doubly 
charged ^*Ar ions from *'OH ions at the mass 19 position in 
the spectrum, 0*0 and at mass 30, and the mass 40 
doublet mentioned above. Besides the high-resolution prop- 
erty, another feature which aided in this identification proc- 
ess was the use of three different electron energies in the ioni- 
zation process. The normal electron energy was 70 eV, but 3 
times during the flight through the Venus atmosphi re the io- 
nization energy was cycka on successive scans of the mass 
spectrum to 30 and 22 eV. All doubly charged ior species are 
removed from the spectrum when low energy cicUrons are 
used and the fractionation patterns of complex molecules are 
significantly altered, thus aiding in their identification. 

An on-board microprocessor controlling the operation of 
the mass spectrometer provided a high degree of efficiency in 
obtaining data through a peak top stepping routine and data 
compressing algorithm that effected a reading of the mass 
spectrum from 1 to 208 amu obtaining a set of 23? measure- 
ments in 64 s (including a 5 s period for reading backgrounds 
and retuning the peak stepping routine) while requiring an in- 
formation rate c only 40 bits per second to return the data to 
earth. A subscale height altitude resolution was thus attained. 
There was no scan or swrep of the mass spectrum as is done in 
conventional mass spectrometer operation. Instead, use of the 
microprocessor in the peak stepping routine eliminated the 
time that is usually spent sweeping the valley between spectral 
peaks that occurs when an analog spectral scan system is em- 
ployed. A lookup taole of nouns stored in the microprocessor 
defined positions in the mass spectrum of a preselected set of 
mass peaks, which included several sequential positions 
around key mass numbers, such as 15, 28 40, and 136 amu 
and mass defect positions for all known gas species to be mea- 
sured. At several mass numbers, two or more peak positions 
were set (e.g., at 16 (O and CH4), 32 (Oj and S), and 34 (^ 
and H)S)). The microprocessor scanning this uble directed 
the instrument to measure the amplitudes only of the pre- 
selected mass peaks. Table 1 is a sample of the noun table and 
corresponding count record from the flight data just prior to 
the leak blockage. Listed here aie all of the mass numl^n that 
were monitored. Forty five scans of the noun table were com- 
pleted after entry into the Venus atmosphere. Surface impact 
occurred during the 46th scan. Just prior to entry, the in- 
strument was operated through four scans to give background 


peak amplitude information. Owing to the very high maA< res- 
olution of the mass analyzer, it was necessary that each of 
these measurements be made with an ion acceleration poten- 
tial tolerance of the order of 0.02%. This, in turn, required pe- 
riodic fine tuning of program parameters by tracking the posi- 
tions of spectral peaks from two calibration gases that 
produced peaks at IJfif'^^Xe"^), and 15 (CH 3 ") 

amu. 

A ncble gas enrichment mechanism, called the isotope ratio 
measurement cell (IRMQ, collected an atmospheric sample 
at approximately 62 km above the Venus surface, and through 
a combination of sorption and getter pumping, purified this 
sample of chemically active gases for later measurement of the 
isotopic ratios of the concentrated noble gases. This sample 
was introduced into the mass spectrometer just before para- 
chute jettison and immediately after the secondary microleak 
was valved off (this was during the time of leak blockage). A 
special peak stepping routine was employed to measure the 
noble gases in this sample. Because the peak amplitudes were 
lower than expected, it was only possible to determine the 
neon isotopic ratio from these data. The reason for the low 
peak amplitudes is unknown. 

Preflight calibration of the flight instrument was performed 
by using a high-pressure-high-temperature chamber, called 
the Venus atmosphere simulator (VAS), capable of reproduc- 
ing the Venus descent profile temperature and pressure condi- 
tions down to the surface values of 740 K and 90 atm. The in- 
strument inlet leak protruded into the VAS chamber to 
sample its gases, simulating the sampling of the Venus atmo- 
sphere. Operation of the VAS involved admitting mixtures of 
gases (c.g., Nj, SO 2 , COS, Ar, Xe, Hg, QH*, HCl) usually 
with CO 2 as the dominant gas, into the high-pressure chamber 
in a stepwise manner following a model Venus atmosphere 
profile while recording the mass spectrometer output signals. 

Analysis Methods 

One of the consequences of the gas pumping system of the 
mass spectrometer was the fact that because chemically active 
and chemically inert gases were pumped by different mecha- 
nisms, the gases flowed through different paths having differ- 
ent conductances within the instrument's vacuum envelope. 
The active gases principally flowed through the variable con- 
ductance valve to the main chemical getter which maintained 
a vacuum in the ion source. The throughput of this pneumati- 
cally operated ^alve continually increased due to the opening 
of the valve by the increasing atmospheric pressure at a rate 
that nearly matched the increased throughput of the inlet 
leak. Chemically inert gases were not pump^ by the getter, 
and therefore their only path of evacuation was through the 
very narrow ion optics slits connecting the instrument ion 
source with the mass analyzer. The pump on the analyzer 
consisted of another chemical getter and a miniature sputter 
ion pump that was the only sink for chemically inert gases. 
Because the conductance of the instrument ion optics sliu was 
very low, the pumping in this direction was conductance lim- 
ited and remained essentially constant throughout the flight 
through the Venus atmosphere. The result of the two different 
gas flow paths and pumping mechanisms was that the partial 
pressures of the inert gases increased faster than those of the 
active gases, producing an artificially larger signal for the inert 
gases. Thus, for example, the ratio of the ai gon peaks to car- 
bon dioxide continually increased with time and always was 
much greater than the atmospheric mixing ratio. 
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TABLE 1. Portion of Flight Dtu Record Showing Mass Number Table Stored in Microprocessor and 
Instrument Output (Related to Counting Rate) called Vm* 


amu 

data 

amu 

data 

amu 

data 

amu 

data 

15.013 

7680 

39.972 

1696 

109.886 

0 

152.576 

0 

15.018 

16896 

40.029 

80 

111.873 

1 

152.890 

0 

15.023 

22528 

43.991 

1769472 

112.923 

0 

153.894 

0 

15.028 

22016 

44.991 

21504 

113.934 

1 

154.911 

1 

15.033 

12800 

45.302 

108 

114.904 

1 

155.887 

0 

15.995 

335872 

45.995 

7936 

115.921 

1 

157.876 

0 

16.018 

40960 

47.000 

94 

116.436 

0 

158-890 

0 

16.031 

39936 

47.966 

10 

116.925 

0 

159.859 

0 

1.008 

3520 

2.950 

23 

117.449 

1 

160.899 

0 

17.002 

296 

3.000 

26 

117.978 

0 

9.050 

70 

17.026 

244 

3.050 

29 

118.449 

0 

10.000 

66 

17.985 

336 

48.974 

2 

118.892 

0 

10.050 

70 

18.010 

1088 

49.968 

3 

119.466 

0 

161.893 

0 

18.034 

66 

50.969 

2 

119.981 

0 

162.424 

0 

18.987 

34 

51.980 

0 

120.925 

0 

162.959 

0 

18.998 

18 

54.004 

0 

121.985 

0 

163.438 

1 

19.007 

5 

59.966 

1 

122.894 

0 

163.919 

0 

19.981 

480 

60.968 

0 

123.920 

1 

164.342 

0 

19.992 

384 

61.977 

0 

124.893 

0 

164.464 

0 

20.006 

112 

62.994 

1 

126.922 

2 

165.441 

0 

20.015 

30 

63.962 

5 

127.906 

0 

165.934 

0 

20.993 

10 

3.800 

12 

128.905 

29 

166.430 

0 

21.991 

45056 

3.950 

13312 

129.921 

5 

166.929 

0 

21.995 

47104 

4.000 

34816 

i30.914 

23 

167.180 

0 

22.496 

560 

4.050 

32256 

131.922 

48 

167.432 

0 

26.002 

112 

64.960 

3 

133.905 

440 

167.937 

0 

26.014 

122 

65.961 

23 

134.471 

14 

168.892 

0 

27.010 

102 

66.963 

280 

134.960 

26 

170.901 

0 

27.023 

124 

67.964 

6272 

135.453 

102 

177.934 

0 

27.988 

507904 

69.971 

1 

135.742 

3456 ; 

10.950 

76 

27.995 

606208 

71.973 

1 

135.824 

7808 ^ 

11.000 

96 

28.000 

655360 

74.927 

0 

135.907 

9728 

11.050 

78 

28.005 

671744 

77.040 

2 

135.990 

8192 

178.934 

1 

28.012 

499712 

77.916 

1 

136.073 

5248 

179.367 

0 

28.032 

122880 

78.053 

16 

136.448 

140 

179.874 

0 

28.997 

6656 

1 78.924 

1 

136.952 

17 

180.384 

0 

29.003 

7040 

! 79.915 

1 

137.970 

5 

180.823 

0 

29.039 

992 

! 79.958 

0 

138.412 

2 

181.931 

0 

29.997 

1024 

1 80.947 

1 

138.960 

0 

182.903 

0 

30.046 

208 

1 81.914 

0 

139.395 

1 

183.430 

0 

30.973 

11 

81.975 

0 

139.921 

1 

183.884 

0 

31.006 

26 

82.936 

0 

140.406 

2 

187.366 

0 

31.972 

128 

. 83.937 

0 

140.939 

0 

188.396 

0 

31.990 

320 

85.912 

29 

141.432 

3 

190.817 

0 

2.016 

22016 

90.910 

1 

141.882 

2 

192.883 

0 

32.985 

18 

93.920 

0 

1 142.381 

0 

194.824 

0 

33.966 

15 

95.943 

0 

142.929 

1 

197.941 

0 

33.992 

19 

1 96.967 

0 i 

143.436 

0 

1 199.003 

0 

34.005 

21 

. 97.948 

0 

143.946 

0 

199.896 

0 

34.972 

15 

i 98.971 

0 

1 144.459 

0 

200.978 

0 

35.005 

12 

99.479 

0 I 

1 144.882 

2 

201.889 

0 

35.966 

656 

■ 99.970 

0 1 

1 146.841 

0 

203.923 

0 

35.981 

704 

1 100.489 

0 ‘ 

' 148.853 

0 

205.998 

0 

36.966 

9 

100.990 

0 

150.615 

0 

206.955 

0 

37.968 

152 

101.985 

0 

150.921 

0 

208.019 

0 

39.950 

1376 

102.975 

0 

151.280 

0 

15.000 

20992 

39.958 

1504 

103.478 

0 

151.589 

0 

14.000 

19456 

39.965 

1664 

103.985 

0 

151.951 

1 

12.000 

344064 


Figure 1 shows a flight profile of carbon dioxide and ^Ar 
from the altitude at which the probe was configured to begin 
making measurements, that is at 62 km afier the heat shield 
had been ejected and a parachute deployed, down to the sur- 
face of the planet. When the gases first entered the mass spec- 
trometer, CO 2 was pumped by the clean walls of the vacuum 
envelope and instrument electrodes faster than was Ar. 
Therefore, the ratio of Ar to CO 3 decreases until the surfaces 


come to equilibrium with the gas mixture inside the in- 
strument. This occun at about 60 km altitude. The rather sud- 
den decrease in the gas densities at approximately 50 km alti- 
tude was caused by a blockage of teth inlet leaks of the 
instrument, presumably by sulfuric acid droplets from the 
middle or lower cloud region of the atmosphere. The second- 
ary leak was programed to be valved ofl* at approximately 3 
km lower altitude than where the blockage occurred. The in- 
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Fig. 1. Altitude profile of ^Ar, a nongettered gas, and a gettered gas (see text). The decrease in counting rate at 
50 km is due to the leak blockage by H 2 SO 4 droplets. The leaks reopened near 28 km. The argon increase at 45 km comes 
from the enriched gas cell (IRMC) sample which was measured between 48 and 45 km. Dashed portions of the curves 
indicate times when low electron energy data were taken (not plotted). 


flow of ambient gases was effectively stopped until the probe 
descended to just below 30 km, at which point it is presumed 
that the overcoating of the primary leak had evaporated and 
the flow of ambient gases returned. From there to the surface 
of the planet, the altitude profiles of both ^^Ar and CO2 are 
characteristic of those of nongettered and gettered gases, re- 
spectively. The difference in slopes is due to the pumping phe- 
nomena which were discussed above. Any gas having a con- 
stant mixing ratio in the Venus atmosphere over this altitude 
range will have a profile with altitude that must lie between 
these two curves as limits. Any substance that increases less 
rapidly than C02 or more rapidly than argon must have at 
least a partial source within the instrument. Rates of change 
of some volatiles (i.e., SO2 and H2O) resulting from reactions 
involving renjiant cloud materials in the gas inlet did lie out- 
side these bound* 

To determine the mixing ratio of an inert gas relative to 
that of CO2, the conductance paths for each type of gas in the 
instrument must be known. The mixing ratio of the inert gas is 
given by 


where 



C. [CO2] 
Cy^C, (CO2 + N2] 


A/, volume mixing ratio of gas x\ 


R. 

p 

C 

Cy 

(COd/tCO: ^ N2I 


counting rate for gas x; 

instrument sensitivity ratio of CO2 to gas 

conductance from ion source through in- 
strument ion optics slits to analyzer ion 
pump; 

conductance of variable conductance 
valve, a function of atmospheric pres- 
sure; 

factor that converts to a mixing ratio 
since N2 is a nonnegligible part of the 
Venus atmosphere. 


Because C^/Cy is quite small (or the order of 10 “^) the 
counting rate ratio of argon to CO2 (Figure 1 ) is much larger 
than the mixing ratio. 

In principle, the measurement of C4 and Cy are straight- 
forward and have been done in the laboratory. However, 
some uncertainty in these values is introduced because of the 
unknown pumping speeds of the getters and pumps them- 
selves. Pumping speed of the getter is a function of the 
amount of gas which it has previously pumped. Its pumping 
speed will decrease gradually as its capacity begins to be 
filled. An ion pump speed is determined by the type of gas it is 
pumping and the mature of gases which is being fed into it. 
For example, the speed of \h%i ion pump will change if it is 
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pumping a mixture of CO2 and a noble gas over that which it 
has for the noble ^as alone. This is because the noble gas is 
buried in the ion pump and overcoated by chemically stable 
sputtered material involving the active gas. As a result the 
pumping speed for argon is a function of how much COj is 
mixed with the argon. When a large amount of an active gas is 
introduced into an ion pump, the pump may regurgitate some 
of the noble gases which it has previously pumped. Hence, it 
is unclear whether there is a sufficient pressure buildup of any 
noble gas in the analyzer section to affect the effective value of 
for such gas. The consequence is that there is some uncer- 
tainty in the toul pumping speed in the instrument for both 
noble and active gases. Hence, the error bars given for the 
mixing ratios of noble gases are fairly large. On the other 
hand, the isotopic ratio measurement of any gas is very 
straightforward, because the isotopes of a given gas are 
pumped at essentially the same speeds, since they are very 
close in mass number and chemically identical. Thus isotopic 
ratios are determined quite precisely. 

The blockage of the inlet leaks by the overcoating of the 
sulfuric acid droplets caused a loss of data from approxi- 
mately 50 to 30 km. During this time, peaks in the mass spec- 
trum at 64, 48, and 18 amu exhibited marked increases in- 
dicating that the leak droplet material was forming sulfur 
dioxide and water vapor, which are presumably dissociation 
products of sulfuric acid. No parent molecules of sulfuric acid 
were observed, nor was any SO3 (80 amu) observed. Labora- 
tory tests have shown that SO3 will not pass through the inlet 
leaks without dissociation. To determine how sulfuric acid de- 
composes under the flight conditions, a laboratory simulation 
test of the leak blockage was performed. The inlet leaks were 
coated with a solution of 85% sulfuric acid and water until the 
flow of ambient gases into the instrument was stopped. The 
leaks were then inserted into the Venus atmospheric simulator 
(VAS), the chamber filled with carbon dioxide, and the tem- 
perature of the chamber raised following the profile incurred 
during Venus atmosphere descent. The leak reopened, and the 


TABLE 2. Volume Mixing Ratios of Gases Found in the Venus 
Atmosphere 


Gas* 

Venus Atmosphere 
Mixing Ratio, 
ppm 

Earth Atmosphere 
Mixing Ratio, 
ppm 

20n. 

9t 

16 

22n. 

It 

2 

Total Ne 

lot 

18 

36a, 

30.,o*» 

31 

38a, 

6t 

6 

40a, 

3lt 

0,93% 

Total Ar 

40-l20f 

0.93% 


<0.2 

0.5 

Na 

4 ±2% 

78% 

Oa 

<30 

21% 

SO2 55 km 

<10 


Bslow 24 km 

<300 


COS Above 24 km 

<3 


Below 20 km 

<500 


HaS 

3t 


C,H4 

2t 


H2O 

<1000 


a 

<10 



<5 



^la thoM rowi where altitude is unspedfled, result is average value 
from 24 km to surface. 
tDeduoed fiom ratio to ^Ar. 


TABLE 3. Isotopic Ratios of Some Substances Found in the Venus 
Atmosphere 


Gas 

Venus Atmosphere 
Isotopic Ratio 

Earth Atmosphere 
Isotopic Ratio 

>He/^He 

<3 X 10-* 

1.4 X 10-* 

“Ne/"Ne 

0.07 ±0.02 

0,097 

*®Ne/“Ar 

0.3 ± 0.2 

0.58 

’•Ar/“Ar 

0.18 ±0.02 

0.187 

-•Ar/^Ar 

1.03 ±0.04 

296 

'K/'K 

S 1.19 X 10“^ 

l.ll X 10-2 

'•0/'*0 

2.0 ±0.1 X 10-’ 

2.04 X 10-^ 


flow of carbon dioxide resumed at about the same temper- 
ature (250^0 as in flight. During the blockage time, water va- 
por, SO, SO}, and several reaction products of sulfuric acid 
and vacuum sealant (e.g., 77 and 78 amu) were observed in 
the mass spectrum in approximately the same ratios as seen in 
the Venus data. From these tests it is fairly clear that the 
blockage material in flight was sulfuric acid that came from 
the clouds. 

From this same test, afler the leaks reopened and the tem- 
perature of the chamber was raised through the range of ap- 
proximately 300^-325*’C equivalent to an altitude of 20-25 
km in the Venus atmosphere, a sudden increase in the mass 60 
peak, which is attributable to CCS, was observed. The peak 
amplitude passed through a maximum and then decreased 
with further increase in temperature of the VAS chamber. 
This profile of the 60 amu peak matches very closely that of 
the mass 60 peak in the flight data, indicating that the maxi- 
mum in the mass 60 altitude profile observed at 19 km altitude 
that was reported earlier [Hoffman et al, 19796] is not a real 
feature of the Venus atmosphere, but probably results from 
the reaction of sulfuric acid and CO2 in the leak. From this it 
is clear that the only atmospheric COS and SO2 measure- 
ments were obtained in the clouds. At lower altitudes this data 
allows, but does not require, substantial amounts of COS and 
SO2. 


ATMOSPHERIC Composition Results 

A summary of Venus atmospheric composition results de- 
rived from the mass spectrometer dau are given in Tables 2 
and 3. Table 2 lisu volume abundances of gases relative to 
carbon dioxide. It can be noted that in many cases the uncer- 
tainties of measurements relative to CO2 are quite large. This 
is because of the pump speed problem discussed above; it is 
expected that on-going laboratory synthesis will reduce these 
uncertainties substantially. Relative isotopic abundances of 
some elements are given in Table 3. A discussion of the mea- 
surements of each substance listed in these table follows. 

Ar%on 

Because of the higher residual ^Ar peck in the instrument 
(approximately 1100 cts/s) compared to that of ^Ar (3 cts/s), 
the 36 peak was used to determine the argon mixing ratio. 
First the mixing ratio of ^Ar was determined by the method 
described above. Then the ratios of the argon isotopes were 
calculated from the data obtained below 2f km (where the 
leak reopened) where the residuals had become small (a few 
percent) compared to the peak amplitudes. From knowledge 
of the abundance of one of the isotopes and the isotopic ra- 
tios, the total argon mixing ratio was obtained. The ^Ar mix- 
ing ratio is 30. ppm. Further laboratory tests of the con- 
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ductanccs of the valves and the slits, and the pumping speeds 
of getters and ion pumps in the presence of other gases, all of 
which are needed to determine the argon mixing ratio, should 
result in a reduction in the magnitude of this uncertainty. The 
isotopic ratio measurements of argon however are much more 
straightforward, and the results indicate that the ”Ar to 
ratio is 0,18 ± 0.02 which agrees very well with the accepted 
* value for the earth’s atmosphere of 0.187. The mixing ratios of 
^*Ar and ^*Ar are approximately equal to those in the earth’s 
atmosphere (30 and 6 ppm, respectively), but since the mass of 
the Venus atmosphere is 90 times that of earth, the total 
amounts of these nonradiogenic rare gases on Venus are 
nearly 2 orders of magnitude greater than on earth. The ^Ar 
to ^Ar ratio in the Venus atmosphere is 1.03 ± 0.04, in com- 
parison with 296 on earth, implying that the total amount of 
Venus radiogenic argon is about one third of that on earth. 
The total argon mixing ratio is calculated to be 70 ppmi (as- 
suming the 30 ppm value for ^*Ar). The large enhancement in 
the nonradiogenic argon isotopes relative to ”^Ar was noted in 
the preliminary analysis of the data, and further examination 
of the data analysis methods has supported this hnding. 

Neon 

The mixing ratio of *°Ne in the Venus atmosphere was de- 
termined by measuring the ratio of the -®Ne peak, after appro- 
priate corrections were made for doubly charged ^Ai (-'30%) 
and for (a few percent), to the “Ar peak. The resulting 
to ’*Ar ratio is 0.3 with an uncertainty of ±0.2. Because 
the mixing ratio of ‘*^Ne is determined from its ratio to ^‘Ar, 
the ixtual value of the neon mixing ratio is a function of the 
^*Ar mixing ratio, and of course, its uncertainty includes that 
determined for argon. Even with the sizeable uncertainty as- 
sociated with the neon abundance, it is quite clear that its ra- 
tio to ^*Ar is less than unity, like earth (which is 0.58), and 
markedly different from the oolar abundance ratio of the or- 
der of 30, determined from solar wind measurements [Cam- 
eron, 1973]. 

The isotopic ratio, ’^Ne/^®Ne, could not be determined di- 
rectly from the data because the doubly charged CO: peak at 
mass 22 is overwhelmingly larger than any peak that could be 
attributable to neon. Even at the reduced electron energy of 
30 cV, the peak accounts for the entire mass 22 peak, 

while 22 eV electrons produce essentially no neon ions. How- 
ever, the neon isotopic ratio was measured at 30 eV in the en- 
riched noble gas sample (from the IRMC), giving the value of 
0.07 ± 0.02. The error bar (I sigma) is large owing to the low 
amplitudes of the peaks obtained during this measurement. 
The Venus ratio appears to be some 25% lower than the ac- 
cepted value for earth (0.097), but it is very close to that of the 
solar wind [Geiss et aL, 197?]. 

Helium 

A problem occurred with the measurement of helium be- 
cause the sounder probe was filled with a mixture of He and 
N} before flight to aid in detecting leaks in the hermetically 
sealed probe. Submicroscopic leaks in the mass spectrometer 
vacuum envelope and the permeation of heLum through glass 
electrical feedthrough terminals (10“'^ cm Vs) caused a signifi- 
cant accumulation of helium in the instrument during the S 
month period in which it was bathed in the probe’s internal 
atmosphere. The result was that a rather large background 
had to be subtracted from the flight data. This, coupled with 


the uncertainty in the pumping speed for noble gases (as dis - 
cussed above), has complicated the determination of the mix- 
ing ratio of ^He to the extent that it is not reasonable to give a 
helium mixing ratio at this time. 

The peak at mass “l is due to the HD molecule and to H,'” 
ions formed in the ion source of the mass spectrometer. These 
substances account for the entire mass 3 peak over the whole 
altitude range of the measurements, leaving essentially no re- 
sidual that could be attributable to ^He. It should be noted 
that a terrestrial H/D ratio (6700) was needed to fit these data, 
implying that Venus and eanh hydrogen are similar. Assum- 
ing that because of statistical fluctuations a maximum of five 
counts could be assigned to ^He, the ^He/^He ratio would 
have an upper limit of 3 x 10^. This value allows for a factor 
of 3 less ^He than the mass 4 corrected data would indicate. 
Through further analysis of the behavior of helium in the in- 
strument, the limit of the helium isotopic ratio may be re- 
duced eventually by 1 order of magnitude or more. In the 
earth’s atmosphere this ratio is 1.4 x l0“^ but since the ^He 
abundance in the Venus atmosphere is masked by the HD 
peak (most likely from the large amount of water vapor and 
methane in the instrument), it is uncertain how the ^He mix- 
ing ratio on Venus is related to that of earth. Even so, a large 
excess of ^He cannot be excluded by the results. 

Krypton 

Ihe data indicate that the abundance of krypton on Venus 
is very small and that only an upper bound can be obtained. 
There are low, but nonnegligible, ion counts at each of the 
isotopes of krypton, but statistical fluctuations preclude deter- 
mining whether these counts track the argon data. When com- 
pared to the largest expected krypton peak, at 84 amu, each 
mass corresponding to a krypton isotope is too large to in- 
dicate an ^arth-like isotope abundance pattern. Large peak 
amplitudes occur at 78 and 86 amu from vacuum sealant re- 
sidual and ^Kr that had been introduced into the instrument 
during preflight calibration, while presently unknown sub- 
stances may contribute to the other krypton masses. There- 
fore, the 84 amu data is the best source for an estimate of the 
upper bound for krypton on Venus. The total 84 amu peak 
implies a *^Kr to ^^Ar ratio of 4 x 10“^ with a I sigma uncer- 
tainty of 2 X 10“\ With a value of 30 ppm for the ^*Ar abun- 
dance the ^Kr mixing ratio would have an upper limit of 0.2 
ppm. 

Carbon 

The isotopic ratio of carbon, was determined from 

the ratio of the peaks at mass 22.5 and 22 as well as from 45 to 
44. The first pair results from doubly charged COj and the 
second set from singly charged COj. The average ratio was 
found to be 1.19 ± 0.06 x l0“^ a value that is approximately 
7% highCi than the accepted value for terrestrial carbon, and 
lies just outside the 1 sigma error bar. However, the Venus 
value is probably an upper Unit. In fact, the average value 
from the 45/44 ratio is higher than that from the 22.5/22 ra- 
tio. The ratios are not constant with altitude but tend to peak 
at 1Q'-12 km. There is a distinct possibility that HCO}'^ may 
be contributing in diflTerent proportions to the 45 and 22.5 
peaks, more to the former because this molecule would tend 
to ionize dissociatively rather than form a doubly charged ion 
of mass 45 amu. The origin of the HCOi is not known but 
may be formed in the instrument from COj and hydrogen. 
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Fig. 2. Altitude profiles of COS, SOj, and H 2 S, Maximum in the SO 2 profile at 33 1 cm is from evaporation from the 
H 2 SO 4 droplet on the leak. The peak in COS at 20 km is an artifact. Dashed portions of curves indicate limes when low 
electron energy dau were taken (not plotted). 
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Niirogen 

The abundance of nitrogen in the Venus atmosphere was 
determined from the 30/28 mass peak ratio. The 30 mass peak 
consists of whereas the 28 peak is the sum of ‘^C‘^0 

and By knowing the oxygen isotopic ratio (see below), 
the percentage of the 28 peak owing to CO was determined. 
The mixing ratio of nitrogen was then calculated to be 4 ± 2%. 
Thus the total abundance of nitrogen on Venus is equivalent 
to 1 .5-4.5 times of that in the eanh*s atmosphere. 

The '^N peak can in principle be used to determine the 
mixing ratio. However, the mass 14 peak in the present case 
consists of, besides CH 2 from methane, i ad 
When correclions were made for all these contributions, the 
nitrogen mixing ratio was found tc be in the range stated 
above but had a larger uncertainty and therefore contributed 
no new information to the N 2 mixing ratio. 

Oxyger 

The "'O to isotopic ratio from the 44 and 46 peaks was 
found to be 2.0 ± 0.1 X 10’\ a value that agrees very closely 
with that of the earth's atmosphere and lies well within the er« 
ror of 1 standard deviation. The peak in the mass spectrum at 
32 amu can be attributed to O 2 and to sulfur ions, From the 
dissociative ionization of CO 2 , approximately 2 x 10'^ O 2 ions 
are produced relative to CO 2 ions. By making this correction 
to the 32 peak, all of its amplitude can be accounted for in the 
region of the clouds above where tae leak blocked. This leaves 
an upper limit to the ambient O 2 concentration in this region 
of the Venus atmosphere of 30 ppm. In the lower part of the 
atmosphere, aAer the leak had reopened, a much larger peak 
at mass 32 was observed, and its position was shifted toward 


that of sulfur. Contributions to this peak consist of ions 
formed by dissociative ionization of SO 2 (both and 02 ”^) 
and from H 2 S and COS. By making appropriate correc- 
tions for all of these sources of the mass 32 peak again, all of 
the peak amplitude can be accounted for. Therefore, the up- 
per limit for the O 2 mixing ratio in this part of the atmosphere 
is also 30 ppm. 

Sulfur Dioxide 

The variation with altitude of several sulfur compounds 
shown in Figure 2. From the closeness with which the peaks at 
48 and 64 amu track each other, it is fairly certain that the 
ions which formed the 64 peak in the mass spectrum are due 
to $02 and those at mass 48 are due to SO which result from 
dissociative ionization of SO 2 in the ion source. This would 
preclude the possibility of a significant amount of S 2 ions at 64 
amu because these would not produce the 48 peak. In the re- 
gion above the altitude of leak blockage, there is an average of 
only one to two counts per mass spectrum at the mass 64 peak. 
(These are not shown in the figure.) Because of uncertainties 
in the wall adsorption of SO 2 , the actual SO: mixing ratio may 
be larger chan this peak amplitude would indicate. This ar- 
gues for an upper limit of 10 ppm. After the leak was blocked, 
the magnitude of the 64 peak grew rapidly (see Figure 2) as 
was discussed above, indicating that SO 2 was coming from a 
vaporization of the leak blockage material. When the leak re- 
opened, a large SO, peak remained which did not follow the 
CO 2 altitude profile but exhibited a rather large maximum at 
an altitude of approximately 6 km above the surface and de- 
creased a factor of 3 from there to the surface. Similar varia- 
tions of SO 2 and SO have been noted in laboratory tests of 
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leaks that have been blocked with sulfuric acid and sub- 
sequently reopened by heating in the VAS chamber. Because 
of this large contaminant, only an upper limit of 300 ppm can 
be placed on the SO2 mixing ratio for the lower atmosphere. It 
is quite possible that the actual mixing ratio is much lower 
and that the mass 64 peak almost entirely is due to cloud ma- 
terials which earlier had blocked ihe leak. 

Carbonyl Sulfide 

Previously reported mass spectrometer results [Hoffman et 
ai, 19796] showed a very rapid 3 order of magnitude increase 
in the peak at 60 amu from 24 to 20 km followed by a factor 
of 2 decrease between 19 and 18 km and then a rather con- 
stant amplitude to the surface, as is shown in Figure 2. This 
profile is not typical of an ambient atmospheric gas, particu- 
larly the maximum at 19-20 km. The laboratory tests of leak 
blockage with sulfuric acid in the VAS chamber, as described 
above, and the closeness of the 62/60 amu peak ratio to that 
of the sulfur isotopes in both the flight and laboratory data, 
indicate that the 60 amu peak is due to COS and that COS 
probably was formed in the leak in some reaction involvmg 
the H2SO4 droplets and CO2. Therefore, it is concluded that 
the rapid rise in the COS is an artifact of the measurement 
system and that the presence of COS m the Venus atmosphere 
is questionable. If ^e entire 60 amu peak were considered 
ambient, the mixing ratio would be less than 500 ppm, but 
from the considerations given above it is quite probable that 
this is a very high upper limit. Above 24 km there is no 60 
amu peak in the spectrum, thich implies an upper limit for 
COS of 3 ppm, again a conservative value. 

Hydrogen Sulfide 

The peak in the mass spectrum at 34 amu has an altitude 
profile (slope) (Figure 2) below 24 km similar to that of ^®Ar 
except for a small enhancement near 10 km. A correction has 
been made to the peak amplitude for the ^^S contribution 
from the sulfur dissociatively ionized from SO2 and COS. The 
remaining 34 peak probably was due to H2S. This contention 
is suppotted by the fact that the 33 peak, HS ions produceu in 
the ion source, tracks it very well. The similanty in slopes be- 
tween H2S and Ar arises because the getter does not pump 
HjS significantly, and therefore it has the same flow path as 
argon in the instrument. It also is possible that the 34 amu 
peak is H2O2, with the 33 peak being HO2. Laboratory studies 
involving *hese gases will be necessary to resolve this question. 
For now it is assumed that this peak is HiS, in which case the 
ratio of H2S to ^‘Ar would be 0.09 ± O.Ol, if the ^Ar mixing 
ratio is 30 ppm, then the H2S mixing ratio is 3 ± 2 ppm. In the 
region of the clouds it appears that relative to ^^Ar the H:S 
mixing ratio is a factor of 3 less than in the lower part of the 
atmosphere. It does not appear that the bulk of the 34 amu 
peak is produced in the instrument in a reaction involving hy- 
drogen or water vapor or any other sulfur compound because 
its altitude profile follows that of argon. 

Ethane 

The nengettered gas, forms the only other peak in the 
mass spectrum that has an altitude profile similar to that of 
^Ar and is a candidate for an ambient Venus gas. The ratio of 
ethane to ^Ar is 0.07 ± 0.03, making its mixing ratio of the or- 
der of 2 ppm. Ethane was measureable at 30 amu by virtue of 
the fact that the mass spectrometers mass resolution was suf- 


ficiently high to separate the C 2 IU r^^k from an almost equal 
amplitude '^C‘*0 peak. 

IVater Vapor 

The peak in the mass spectrum at 18 amu owing to water 
vapor in the cloud region of the atmosphere has a i'*ther con- 
stant ratio to CO2 of approximately 500 ppm. However it is 
not clear if it is all due to ambient water vapor or partly U 
some instrumental source, although the residual before entry 
into the atmosphere was very low. Therefore, only a con- 
servative upper limit of 1000 ppm will be reported at this time. 
In the region where the leak was blocked, the mass 18 peak 
grew rapidly (along with the SO2 peak), indicating that the 
droplet on the leak was emitting water, a phenomenon that 
has been observed in laboratory studies of leaks coated with 
sulfuric acid. Below the altitude at which the leak reopened, 
water peak again passed through a maximum, probably 
caused by heating of the inlet leak an^J ? mere rapid release of 
residual vapor into the mass spectrometer. Hence, it is not 
clear how much of the water vapor measured below the clouds 
is ambient. 

Chlorine 

For a discussion of the improbability that the large mass 36 
and 38 peaks may include a significant amount of chlorine or 
HCl, the reader is referred to Hoffman et al. (19796, tnis issue]. 
The conclusion drawn there is that the mixing ratio of chlo- 
rine in the lower atmosphere is not more than 10 ppm. 

hdercury* 

At the high mass end of the spectrum there were only a few 
scattered counts, and no consistent pattern was found in the 
data in the range of the mercury isotopes (masses 198-204) 
near the surface of Venus. From laboratory calibrations on 
mercury ii is concluded that the upper limit on this mixing ra- 
tio is 5 ppm. 


Conclusion 

In the foregoing discussion, all results quoted are based on 
data from the sounder probe neutral mass spectiomcter. 
These results are in general agreement with reponed data 
from six other atmosphere analysers which sampled the 
Venus atmosphere in December 1978 as pari of the Pioneer 
Venus and Venera 1 1 and 12 missions (cf. the companion pa- 
per Hoffman et al. [this issue] for a detailed comparison of 
these measurements). 

It is clear that the major constituents of the Venus atmo- 
sphere are CO2 and N2, with the latter being of the order of 
3% by mass. Owing to the excessive amount of Venus atmo- 
sphere in comparison with that of earth, the amount of atmo- 
spheric Nj on Venus is about 3 tunes that in the earth's atmo- 
sphere. However, since there are 2 or 3 atm of nitrogen fixed 
in the earth*s crust, the toul mass mixing ratio of nitrogen is 
similar for the two planets. For Mars the nitrogen abundance 
is 1-2 orders of magnitude less [Owen et al., 1977]. All other 
constituents of the Venus atmosphere have volumetric mixing 
ratios less than 100 ppm with the exception of water vapor, 
COS, and SO2 for which higher upper limits have been 
quoted. 

Fo' oxygen the mass spectrometer determined only an up- 
per limit of 30 ppm, but the actual abundance may ^ lower. 
A low value would be necessary if the amount of reduced sul- 
fur compounds in the atmosphere were very high. 
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Eariier reports indicated evidence of a large abundance of 
COS below 20 km with a sharp decrease between there and 24 
km, a feature which laboratory tests described above now sug- 
gest to be an artifact of the passage of CO2 and H2SO4 into the 
heated inlet leak. Because there is no COS above 24 km, it is 
not clear that there is evidence for any COS in the Venus at- 
mosphere above the Tew parts per million level. 

It is interesting to note that the ratio of SO2 to H2O being 
evaporated from cloud droplets was equivalent to that from 
H2SO4 at a concentration of 85%. This is consistent with leak 
blockage by mode 2, and possibly mode 3, droplets that were 
observed by the Pioneer Venus cloud particle spectrometer 
[Knollen’ >erg and Hunten, 1979] in the middle and lower cloud 
regions. 

Because of the SO2 produced from the cloud droplet on the 
leak, it is not possible to specify the amount of ambient SO^ in 
the lower atmosphere, and only an upper limit has been set. 
However, the H2S measurement of a few parts per million is 
probably valid, although H2O2 may ht the data eqmUiy well. 
The total sulfur mixing ratio in the lower atmosphere (below 
20 km) may be of the order of to 10**, allowing for unde- 
tected amounts of SO2 and COS, but no. as great as 10*^ as 
reported earlier [Hoffman et aL, 1979b]. In the clouds the sul- 
fur mixing ratio is probably in the range of l0*^ 

The large excess of the nonradicgenic rare gases in the 
Venus atmosphere over that in the earth’s atmosphere is a re- 
sult that was noted earlier [Hoffman et aL, I979n, b\ and has 
withstood more careful data analyst tests since then. If these 
gases are assumed to be primordial, this finding implies a de- 
fect in generally accepted theories of the origin 0^ the solar 
system. Pollack and Black [1979] described the problem in 
some detail, concluding that the grain accijuon hypothesis, 
with a rather flat temperature gradient but a steep pressure 
gradient in the solar nebula in the region where the tenesthal 
planets formed, best accounts for the conditions found on 
these planets. Older ideas imply that volatile incorporation 
occurred during a cooling down phase in the evolution of the 
solar nebula which would have resulted in a depletion of pri- 
mor'lial gases in the vicinity of Venus rather than an excess. 

Also of significance is the fact that the total abundance of 
radiogenic ^Ar is only about one third of that on earth. This 
is truly curious because on earth about 10% of the argon that 
has been produced by radioactive decay of potassium has been 
released to the atmosphere, presumably because of the weath- 
ering of rocks. On che moon, where no weathering occurs, the 
present rate of emission of *°Ar is about 6% of the total pro- 
duction rate, implying that other mechanisms of release of 
trapped gases are as important as weathering [Hodges and 
Hoffman, 1975], Therefore, it was expeUed that the amount of 
^Ar on Venus might be quite large; it is possible that the low 
amount found there indicates that Venus has much less potas- 
sium than eanh. However, the Venera 8, 9, and 10 data sug- 
gest a similarity [5tir/:cv et aL, 1976], at least near the surface, 
and hence the lower Venus ^Ar may result from a less effi- 
cient release mechanism on that planet than from earth [Pol- 
lack and Black, 1976]. 

The ^e/^Ar ratio being of the order of 0.3. more like the 
earth rather than the sun, u dicates that the origin of these 
gases is not scrmulation from *he solar wind unless the solar 
ratio was markedly different in early geologic time than that 


found today. In addition, the isotopic ratios of carbon, oxy- 
gen, and nocradiogenic argon were found to be similar to 
those on earth. T>^e ratio of the neon isotopes seem to be more 
like that of the solar wind. 

The Pioneer Venus and Venera experiments flown to our 
sister planet to study its atmospheric ohemical composition 
have shown that there are marked differences in the atmo- 
spheres of the two planets besides the very high surface tem- 
perature and pressure of Venus and the dominant gas on 
Venus being CO2. The presence on Venus of excess non- 
radiogenic, possibly primordial, r'*re gases, the almost total 
absence of O2, and the possible presence of reducing com- 
pounds like and H2S are .significant. 
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